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PREFACE
The a u t h o r  w i s h e s  t o  e x p r e s s  h i s  s i n c e r e  g r a t i t u d e  t o  
a l l  h i s  a c q u a i n t a n c e s ,  f e l l o w  s t u d e n t s ,  and f r i e n d s  w hose  
h e l p ,  c o o p e r a t i o n ,  and e n c o u r a g e m e n t  made t h i s  i n v e s t i g a t i o n  
p o s s i b l e .
The a u t h o r  w i s h e s  t o  t h a n k  h i s  d o c t o r a l  c o m m i t t e e  f o r  
t h e i r  a d v i s e m e n t  a n d  c o m m e n ts ;  D r s .  L a V e rn e  Hoag, J e r r y  
P u r s w e l l  and  R i c h a r d  K re n ek  o f  t h e  S c h o o l  o f  I n d u s t r i a l  En­
g i n e e r i n g ;  D r .  R o n a l d  R a t l i f f  o f  t h e  D e p a r t m e n t  o f  H e a l t h ,  
P h y s i c a l  E d u c a t i o n ,  a n d  R e c e a t i o n ;  a n d  Dr .  Mary W hi tm ore  o f  
t h e  D e p a r t m e n t  o f  Z o o l o g y .
S p e c i a l  t h a n k s  g o e s  t o  h i s  p a r e n t s  f o r  t h e i r  e n c o u r ­
a g e m e n t  t h r o u g h o u t  h i s  e d u c a t i o n ,  t o  h i s  f o r m e r  P r o f e s s o r  
T o m o n o r i  Kumagai  f o r  h i s  e n c o u r a g e m e n t ,  t o  h i s  f e l l o w  s t u ­
d e n t ,  R o b e r t  S c h l e g e l  f o r  h i s  e d i t i n g  and h e l p ,  and  t o  a l l  
s u b j e c t s  f o r  t h e i r  b e n i g n a n t l y  p a r t i c i p a t i n g  i n  t h e  p i l o t  
a n d  main e x p e r i m e n t s .
F i n a l l y ,  b u t  n o t  l e a s t ,  t h e  a u t h o r  w i s h e s  t o  e x p r e s s  
h i s  i n d e b t e d n e s s  t o  h i s  w i f e ,  H i y o k o ,  f o r  h e r  p a t i e n c e  and  
m o r a l  s u p p o r t  a n d  t o  h i s  d a u g h t e r s ,  H i s a n e ,  M izune  and  Ayane 
f o r  t h e i r  u n d e r s t a n d i n g .
I l l
ABSTRACT
The p r i m a r y  p u r p o s e  o f  t h i s  s t u d y  was t o  e v a l u a t e  t h e  
u s e  o f  t h e  i n d e x  f i n g e r  a n d  t h e  th u m b  a s  t r i g g e r  o p e r a t o r s  
o f  pow er  t o o l s .  The g r i p  f o r  h o l d i n g  a p o r t a b l e  t o o l  p r o ­
v i d e s  t h e  f o u n d a t i o n  w h ich  a l l o w s  t h e  i n d e x  f i n g e r  a n d  t h e  
thum b t o  p e r f o r m  t h e i r  t r i g g e r  f u n c t i o n s .  T h u s ,  t h e  s e c o n ­
d a r y  p u r p o s e  o f  t h e  s t u d y  was t o  e v a l u a t e  tw o  t y p e s  o f  po w er  
g r i p  u s e d  i n  t h e s e  t r i g g e r  o p e r a t i o n s .
To a c h i e v e  t h e s e  g o a l s ,  a  s e r i e s  o f  e x p e r i m e n t s  was 
d e s i g n e d  t o  o b t a i n  f u n d a m e n t a l  k n o w le d g e  o f  t h e  p e r f o r m a n c e  
c h a r a c t e r i s t i c s  o f  t h e  i n d e x  f i n g e r ,  t h e  thumb and  t h e  g r i p . 
T h r e e  f e m a l e s  a n d  t h r e e  m a l e s  p e r f o r m e d  v a r i o u s  t y p e s  o f  
i s o m e t r i c  e x e r c i s e .  The m e a s u r e  o f  m u s c u l a r  s t r e n g t h  was  
t h e  f i v e - s e c o n d  m ax im a l  v o l u n t a r y  c o n t r a c t i o n  (MVC) . F o r  
e n d u r a n c e ,  a  r e l a t i v e  s t r e n g t h  s c o r e  (RSS) was u s e d .  The 
RSS was d e f i n e d  a s  t h e  r a t i o  o f  t h e  MVC, m e a s u r e d  a t  f i x e d  
i n t e r v a l s ,  t o  t h e  i n i t i a l  MVC a t  t h e  b e g i n n i n g  o f  e x e r c i s e .  
The f o l l o w i n g  r e s u l t s  w e re  o b t a i n e d :
1. When t h e  i n d e x  f i n g e r  was e x c l u d e d  f ro m  t h e  g r i p ­
p i n g  a c t i v i t y ,  g r i p  s t r e n g t h  was  r e d u c e d  t o  60% o f
XV
t h e  s t r e n g t h  d e v e l o p e d  w i t h  t h e  f u l l  g r i p .  I f  t h e  
t h u m b  w as  r e s t r i c t e d ,  g r i p  s t r e n g t h  was d e c r e a s e d  
t o  82%. The f o r c e  d e v e l o p e d  w i t h  an  u l n a r l y  d e v i ­
a t e d  w r i s t  was 89% o f  t h e  f o r c e  d e v e l o p e d  w i t h  t h e  
n e u t r a l  w r i s t .  G r i p  s t r e n g t h s  w i t h  l a r g e  an d  
s m a l l  g r i p  s p a n s  w e re  93% a n d  86%, r e s p e c t i v e l y ,  
o f  t h e  s t r e n g t h  e x e r t e d  w i th  t h e  medium g r i p  s p a n .
2.  The c l o s e  an d  f a r  p o s i t i o n s  o f  t h e  i n d e x  f i n g e r  
p r o v i d e d  78% and  75%, r e s p e c t i v e l y ,  o f  t h e  
s t r e n g t h  d e v e l o p e d  w i t h  t h e  m i d p o s i t i o n  ( 1 3 . 5 8  
kg) .
3 .  The mean th u m b  s t r e n g t h s  f o r  t h e  OPPOSITION ( t o ­
w ard  t h e  pa lm) and  t h e  INWARD ( t o w a r d  t h e  f l e x e d  
f i n g e r s )  d i r e c t i o n s  w e re  88% and 71%, r e s p e c ­
t i v e l y ,  o f  t h e  s t r e n g t h  d e v e l o p e d  f o r  t h e  DOWN d i ­
r e c t i o n  ( 6 , 7 5  k g ) .  I n  t h e  DOWN d i r e c t i o n ,  t h e  
m i d p o s i t i o n  o f  t h e  th u m b  e x h i b i t e d  t h e  g r e a t e s t  
s t r e n g t h  w i t h  a  mean o f  7 . 6 1  k g ,  f o l l o w e d  by  t h e  
h i g h  ( 7 , 4 8  kg) and  low ( 5 . 1 7  kg )  p o s i t i o n s .
4 .  N e g a t i v e  e x p o n e n t i a l  r e g r e s s i o n  e q u a t i o n s  w e r e  
u s e d  t o  d e s c r i b e  t h e  f a t i g u e  p a t t e r n s  f o r  s u s ­
t a i n e d  i s o m e t r i c  e x e r c i s e .  A f t e r  tw o  m i n u t e s  o f  
e x e r c i s e ,  t h e  thumb was a b l e  t o  e x e r t  43% o f  i t s  
i n i t i a l  s t r e n g t h  w h i l e  t h e  i n d e x  f i n g e r  m a i n t a i n e d  
o n l y  28% o f  i t s  i n i t i a l  s t r e n g t h .
5 .  N e g a t i v e  e x p o n e n t i a l  e q u a t i o n s  wera a l s o  u s e d  t o
d e s c r i b e  t h e  f a t i g u e  p a t t e r n s  f o r  r h y t h m i c  i s o m e ­
t r i c  e x e r c i s e .  A f t e r  s i x  m i n u t e s  o f  e x e r c i s e ,  t h e  
thum b was a b l e  t o  e x e r t  53% o f  i t s  i n i t i a l
s t r e n g t h  w h e r e a s  t h e  i n d e x  f i n g e r  m a i n t a i n e d  o n l y
40% o f  i t s  i n i t i a l  s t r e n g t h .
From t h e s e  r e s u l t s ,  r e c o m m e n d a t i o n s  f o r  t h e  d e s i g n  o f  
t r i g g e r  s w i t c h e s  were  made a s  f o l l o w s :
1.  The h o l d i n g  c a p a b i l i t y  o f  t h e  p a r t i a l  g r i p  r a t h e r  
t h a n  t h e  f u l l  g r i p  s h o u l d  b e  c o n s i d e r e d  f o r  t h e  
d e s i g n  o f  t h e  g r i p  h a n d l e  o f  a  t o o l .  The h a n d l e  
s i z e  s h o u l d  b e  s o  d e s i g n e d  t o  a c c o m m o d a te  t h e  med­
ium o r  s l i g h t l y  l a r g e r  g r i p  s p a n .
2 .  I f  a t o o l  r e q u i r e s  a " h i g h  f o r c e "  t r i g g e r ,  t h e  i n ­
d e x  f i n g e r  s h o u l d  be a s s i g n e d  a s  t h e  t r i g g e r  o p e r ­
a t o r .  H o w e v e r ,  i n  i m p l e m e n t i n g  t h i s  n o t i o n ,  one
s h o u l d  n o t e  t h a t  t h e  i n d e x  f i n g e r  i s  i n f e r i o r  i n
m u s c u l a r  e n d u r a n c e  t o  t h e  t h u m b .
3 .  The th u m b  h a d  a  much h i g h e r  e n d u r a n c e  c a p a b i l i t y  
i n  b o t h  c o n t i n u o u s  and  r h y t h m i c  i s o m e t r i c  e x e r ­
c i s e s  t h a n  d i d  t h e  i n d e x  f i n g e r .  M o r e o v e r ,  t h e  
g r i p  s t r e n g t h  w i t h  thumb o p e r a t i o n  was g r e a t e r  
t h a n  w i t h  i n d e x  f i n g e r  o p e r a t i o n .  T h e r e f o r e ,  i t  
i s  r e com m ended  t h a t  t h e  thum b be u s e d  r a t h e r  t h a n
VI
t h e  i n d e x  f i n g e r  when t h e  f o r c e  r e q u i r e m e n t  i s  
lo w ,
4 .  C o n t i n u o u s  f o r c e  e x e r t i o n  c a u s e d  much f a s t e r  f a t i ­
gu e  t h a n  d i d  i n t e r m i t t e n t  e x e r t i o n .  H e n c e ,  i t  i s  
recom m ended  t h a t  t h e  d u r a t i o n  o f  a s i n g l e  a c t u a ­
t i o n  o f  t h e  t r i g g e r  be a s  s h o r t  a s  p o s s i b l e .
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X l l l
A COMPARATIVE STUDY OF THE PERFORMANCE OF THE INDEX FINGER 
AND THUMB AS TRIGGER MECHANISMS 
FOR POWER HAND TOOLS
CHAPTER I  
INTRODUCTION
1. 1 ÎHE NEED OF A ^UDY
As d e s c r i b e d  by  B ra id w o o d  ( 1 9 6 7 ) ,  o n e  o f  t h e  f e a t u r e s  
d i s t i n g u i s h i n g  n a n  f r o m  o t h e r  p r i m a t e s  i s  h i s  u s e  o f  t o o l s .  
A l t h o u g h  o f t e n  p r i m i t i v e  i n  d e s i g n  a n d  f u n c t i o n ,  t o o l s  h a v e  
b e e n  u s e d  t h r o u g h o u t  t h e  h i s t o r y  o f  man. I n  h i s  s t u d y  o f  
1 9 t h  c e n t u r y  L a t v i a n  f o l k  n o rm s  c o n c e r n i n g  a g r i c u l t u r a l  
t o o l s ,  D r i l l i s  (1963)  f o u n d  t h a t  t h e  t o o l s  u s e d  by  t h e  L a t ­
v i a n s  a g r e e d  w i t h  t h o s e  o p t i m a l l y  d e s i g n e d  by  b i o m e c h a n i c a l  
a n a l y s e s .  F u r t h e r m o r e ,  he r e p o r t e d ;  "T he  s t a t e m e n t  by  t h e  
G r e e k  p h i l o s o p h e r  P r o t a g o r a s  ( 4 8 0 - 4 1 1  B .C . )  t h a t  * man i s  t h e  
m e a s u r e  o f  a l l  t h i n g s *  i s  s t i l l  v a l i d  i n  a l l  r e s p e c t s . " 
T h a n k s  t o  t h e  c u m u l a t i v e  n a t u r e  o f  human c u l t u r e ,  t o o l s  h a v e  
i m p r o v e d  r e m a r k a b l y  i n  f u n c t i o n  a n d  e f f i c i e n c y .  Some b a s i c  
f u n c t i o n s  o f  t o o l s  s t i l l  e x i s t  t o d a y  a s  s e e n  i n  h a m m e r i n g ,  
c u t t i n g ,  h o l d i n g ,  a n d  t h e  l i k e  i n  w h i c h  human m u s c u l a r  f o r c e  
i s  t h e  p r i m a r y  s o u r c e  o f  p o w e r  f o r  t o o l s .
2With a d v a n c e s  i n  s c i e n c e  and  t e c h n o l o g y ,  t h e  a v a i l a ­
b i l i t y  o f  e x t e r n a l  po w er  f o r  h a n d  t o o l s  h a s  y i e l d e d  g r e a t e r  
p r o d u c t i o n  w i t h  l e s s  human e f f o r t .  I t  s e e m s ,  h o w e v e r ,  t h a t  
t h e  a d d i t i o n  o f  e x t e r n a l  pow er  h a s  b e e n  r a t h e r  i n t u i t i v e  a n d  
l a c k s  a  s c i e n t i f i c  b a s i s .  F o r  e x a m p l e ,  t h e  i m p o r t a n c e  o f  
w e i g h t  d i s t r i b u t i o n  i n  h a n d  h e l d  t o o l s  f o r  b a l a n c e  h a s  b e e n  
p o i n t e d  o u t  o n l y  i n  r e l a t i v e l y  r e c e n t  t i m e s  ( G r e e n b e r g  a n d  
C h a f f i n ,  1 9 7 7 ) ,  S e v e r a l  r e s e a r c h e r s  have  s t u d i e d  hand  t o o l s  
o p e r a t e d  o n l y  by  human m u s c u l a r  f o r c e  ( C h i d e ,  1 9 4 5 ;  R o u b a l  
e t  a l . , 1 9 6 2 ;  D r i l l i s ,  1 9 6 3 ;  D r i l l i s  e t  a l . , 1 9 6 3 ;  M i l l e r  
e t  a l . , 1971 ;  E v a n s ,  e t  a l . ,  1973 ; Konz ,  1974 and 1 9 7 9 ;
K r e i f e l d t ,  1974 ;  S c h u l t e t u s ,  1974 ;  T i c h a u e r ,  1 9 7 6 ;  B u l l i n g e r  
e t  a l .  , 1976) w h e r e a s  i n f o r m a t i o n  c o n c e r n i n g  p o w e r e d  h a n d
t o o l s  i s  r e l a t i v e l y  s c a n t  and  i n s u f f i c i e n t  (K onz ,  1974 a n d  
1 9 7 9 ,  and  T i c h a u e r ,  1969) .
T h e r e  i s  l i t t l e  i n f o r m a t i o n  a v a i l a b l e  i n  t h e  l i t e r a ­
t u r e  a b o u t  t h e  way t o  a s s i g n  a f i n g e r  t o  t r i g g e r  a pow er  
t o o l  and  when i t  i s  a v a i l a b l e  r ecom m ended  a s s i g n m e n t s  a r e  
c o n t r o v e r s i a l .  The  u s e  o f  t h e  thumb a s  a t r i g g e r  f i n g e r  h a s  
b e e n  reco m m en d ed  by T i c h a u e r  (1969) a n d  Konz (1974 a n d  
1 9 7 9 ) .  H o w e v e r ,  t h i s  r e c o m m e n d a t i o n  o f  t h u m b  u s e  has  b e e n  
c r i t i c i z e d  by W elch  (1972)  :
I t  i s  u n f o r t u n a t e  t h a t  a w e l l - k n o w n  w o r k e r  i n  t h e  
f i e l d  o f  e r g o n o m i c s  h a s  r e c e n t l y  b e e n  r e p o r t e d  a s  
a d v o c a t i n g  t h e  r e p l a c e m e n t  o f  f i n g e r  s q u e e z e  a c t u ­
a t i n g  l e v e r s  by  thum b  p u sh  b u t t o n s  . . .
He a r g u e d  t h a t  a m a j o r  c a u s e  o f  t e n o s y n o v i t i s  on  r e p e t i t i v e
a s s e m b l y  work  w as  f o r m e r l y  t h e  thumb p u s h  b u t t o n .  He
3f u r t h e r  s t a t e d ,  "The e m p lo y m e n t  o f  e x t e n s i o n  l e v e r s  o p e r a t e d  
by a l l  f i n g e r s  h a s  e l i m i n a t e d  m os t  t e n o s y n o v i t i s  c a u s e d  by 
e x c e s s i v e  u se  o f  t h e  t h u m b . "  H o w ev e r ,  i t  a p p e a r s  t h a t  h i s  
c l a i m  may n o t  n e c e s s a r i l y  b e  d u e  t o  t h u mb u s e  b u t  i n s t e a d  
d u e  t o  e x c e s s i ve  u s e  o f  t h e  th u m b .  The r e p e t i t i v e  m o t i o n  
f o u n d  i n  v a r i o u s  t y p e s  o f  i n d u s t r i a l  work i s  b e l i e v e d  t o  b e  
one  o f  t h e  c a u s a l  f a c t o r s  i n  h a n d / w r i s t  i n j u r i e s  a n d  d i s ­
e a s e s  s u c h  a s  t e n o s y n o v i t i s ,  c a r p a l  t u n n e l  s y n d r o m e ,  a n d  
r e l a t e d  m u s c u l o - s k e l e t a l  p r o b l e m s  ( B r a i n  e t  a l . ,  1947; Ken­
d a l l ,  1960 ;  T i c h a u e r ,  1966 ;  Hymovich and  L i n d h o l m ,  1 9 6 6 ;  
P h a l e n ,  1966;  R a d i n  e t  a l . ,  1 9 7 1 ;  W e lc h ,  1 9 7 2 ;  B i r t b e c k  and  
B e e r ,  1 9 7 5 ) .  The  a d v o c a t e s  o f  thum b  u s e ,  on  t h e  o t h e r  h a n d ,
c l a i m  t h a t  t h e  thum b i s  t h e  s t r o n g e s t  o f  t h e  d i g i t s .  How­
e v e r ,  t h e i r  c l a i m  a p p e a r s  t o  be  i n c o r r e c t l y  r e f e r r e d  t o  by 
Konz (1979) an d  t o  l a c k  s u p p o r t i n g  e v i d e n c e  ( T i c h a u e r ,  
1 9 6 9 ) .  S i n c e  t h e  a n a t o m i c a l  s t r u c t u r e  and  f u n c t i o n a l  c h a r ­
a c t e r i s t i c s  o f  t h e  i n d e x  » a r e  d i f f e r e n t  f r o m  t h o s e  o f  t h e
t h u m b ,  c o m p a r i s o n  o f  t h e  tw o  m us t  be  done  w i t h  c a r e .  F i r s t ,
o f  a l l ,  t h e  e v a l u a t i o n  s h o u l d  b e  b a s e d  on s i m i l a r  c r i t e r i a .  
I n  t h e  w o rk s  p r e v i o u s l y  c i t e d ,  f i n g e r  s t r e n g t h  was t h e  m a j o r  
c r i t e r i o n .  I t  i s  w e l l  known t h a t  t h e  a m o u n t  o f  f o r c e  e x ­
e r t e d  by m u s c l e s  i s  a  f u n c t i o n  o f  p o s i t i o n  a s  w e l l  a s  o t h e r  
f a c t o r s .  H o w ev e r ,  i n  m o s t  s t u d i e s ,  t h e  s t r e n g t h s  o f  t h e  
th u m b  a n d  f i n g e r s  i n  t e r m s  o f  t h e  maximum v o l u n t a r y  c o n t r a c -
i T h e  t e r m  " i n d e x "  w i l l  be  u s e d  t o  mean t h e  i n d e x  f i n g e r  
t h r o u g h o u t  t h i s  r e p o r t  u n l e s s  e x p l i c i t l y  s t a t e d  o t h e r w i s e .
4t i o n  (MVC) h a v e  b e e n  c o m p ar ed  u s i n g  o n l y  o n e  p o s i t i o n  f o r  
e a c h  f i n g e r * .  F o r  m e a s u r e m e n t s  o f  t h e  t h u m b ,  e x e r t i o n  f o r c e  
h a s  b e e n  m e a s u r e d  p e r p e n d i c u l a r  t o  e x t e n d e d  f i n g e r s  w i t h  t h e  
u l n a r  s i d e  o f  t h e  h a n d  p l a c e d  on a f l a t  s u r f a c e  ( B a r t e r  e t  
a l . , 1957 c i t e d  by Konz ,  1 9 7 4 ) .  F o r  m e a s u r e m e n t s  o f  t h e
o t h e r  f i n g e r s ,  t h e  d o r s a l  s i d e  o f  t h e  hand  was p l a c e d  on t h e  
f l a t  s u r f a c e  ( B a r t e r  e t  a l . ,  1957 c i t e d  by Konz ,  1 9 7 4 ) .  
Konz (1974 a n d  1979) and  T i c h a u e r  (1969)  c o n c l u d e d  t h a t  t h e  
th u m b  was s t r o n g e s t ,  i t  i s  a p p a r e n t  t h a t  p e r f o r m a n c e  o f  t h e  
i n d e x  was n o t  e v a l u a t e d  a t  i t s  b e s t  p o s i t i o n  c o m p ar ed  w i t h  
t h a t  o f  t h e  thum b .  I f  maximum s t r e n g t h  was t h e  c r i t e r i o n  
f o r  c o m p a r i n g  t h e  p e r f o r m a n c e  o f  e a c h  f i n g e r ,  t h e  b e s t  p o s i ­
t i o n  f o r  e a c h  f i n g e r  i n  t e r m s  o f  e x e r t i o n  f o r c e  s h o u l d  h a v e  
b e e n  u s e d .
As p r e v i o u s l y  d e s c r i b e d ,  t h e r e  h a v e  b e e n  t h r e e  t r i g ­
g e r  f u n c t i o n  a s s i g n m e n t s  f o u n d  i n  p o w e r  t o o l s  ; (a) t h e  i n ­
d e x ,  (b) t h e  t h u m b ,  a n d  (c) f o u r  f i n g e r s  on a l e v e r  s w i t c h .  
W ith  r e s p e c t  t o  t y p e s  o f  g r i p s ,  t h e s e  can  b e  c l a s s i f i e d  i n t o  
two  c a t e g o r i e s ;  p o w e r  g r i p  a n d  m a n i p u l a t i v e  g r i p .  When t h e
i n d e x  o r  t h e  thum b i s  u s e d  a s  a  t r i g g e r  o p e r a t o r ,  t h e  t o o l  
i s  h e l d  by t h e  t i g h t  g r i p  f o r m e d  by  t h e  p a l m ,  t h u m b ,  a n d  
f i n g e r s  e x c l u d i n g  t h e  f i n g e r  a s s i g n e d  t o  t h e  t r i g g e r .  A 
t i g h t  g r i p  d o e s  n o t  n e c e s s a r i l y  mean t h a t  a  h i g h  l e v e l  o f
*The  thum b i s  d i s t i n g u i s h e d  f r o m  t h e  f i n g e r s  i n  t h e  E n g l i s h  
l a n g u a g e ;  h o w e v e r ,  i t  w i l l  b e  r e f e r r e d  t o  a f i n g e r  t h r o u g h ­
o u t  t h i s  p a p e r .
5f o r c e  e x e r t i o n  i s  r e q u i r e d  on t h e  g r i p  h a n d l e s  d u r i n g  t h e  
e n t i r e  c o u r s e  o f  o p e r a t i o n s  b u t  t h a t  su ch  f o r c e  e x e r t i o n  i s  
a v a i l a b l e  i f  n e c e s s a r y .
On t h e  o t h e r  h a n d ,  a h i g h  l e v e l  o f  f o r c e  e x e r t i o n  c a n  
n o t  be  r e q u i r e d  f o r  h o l d i n g  t h e  t o o l  when f o u r  f i n g e r s  a r e  
a s s i g n e d  t o  t r i g g e r  t h e  l e v e r  s w i t c h . T h i s  i s  e s p e c i a l l y  
t r u e  when t h e  t o o l  i s  i n  an  i d l e  p e r i o d  d u r i n g  t h e  c o u r s e  o f  
o p e r a t i o n s .  T h e r e f o r e ,  t h e  a p p l i c a t i o n  o f  a c o n t r o l l e d  am­
o u n t  o f  f o r c e  t o  t h e  g r i p  h a n d l e  a n d  t h e  l e v e r  s w i t c h  r e ­
q u i r e s  t h e  m a n i p u l a t i v e  m o t i o n s  o f  f i n g e r s  an d  r e s u l t s  i n  
t h e  m a n i p u l a t i v e  g r i p .
As p o i n t e d  o u t  by  Welch ( 1 9 7 2 ) ,  t h e  f o u r  f i n g e r  o p e r ­
a t i o n  o f  a l e v e r  s w i t c h  see m s  t o  be a p r o m i s i n g  a p p r o a c h  t o  
p r o t e c t  t o o l  u s e r s  f r o m  o c c u p a t i o n a l  h e a l t h  p r o b l e m s .  How­
e v e r ,  t h e  m a n i p u l a t i v e  g r i p  d i f f e r s  g r e a t l y  f rom t h e  pow er  
g r i p .  F u r t h e r m o r e ,  t h e  m a n i p u l a t i v e  g r i p  by i t s  n a t u r e  i s  
n o t  a p p l i c a b l e  t o  e v e r y  t y p e  o f  t o o l ,  e s p e c i a l l y  t o  t h e  
p o r t a b l e  t o o l  w h ich  i s  n o t  s u s p e n d e d .
The  l i t e r a t u r e  s e a r c h  f a i l e d  t o  r e v e a l  i n f o r m a t i o n  
t h a t  would  e n a b l e  a p e r s o n  t o  a p p r o p r i a t e l y  e v a l u a t e  t h e  
t r i g g e r  f u n c t i o n .  T h e r e  a p p e a r e d  t o  be l i t t l e  f u n d a m e n t a l  
i n f o r m a t i o n  a v a i l a b l e  f o r  t h e  e v a l u a t i o n  o f  f o u r  f i n g e r  
t r i g g e r  o p e r a t i o n s  b e c a u s e  o f  t h e  s p e c i f i c  m o t i o n s  f o u n d  i n  
s u c h  o p e r a t i o n s .  T h e r e  i s  s c a n t  i n f o r m a t i o n  a v a i l a b l e  a b o u t  
t h e  s t r e n g t h ,  w i t h  n o t h i n g  a v a i l a b l e  a b o u t  t h e  e n d u r a n c e  o f  
i n d i v i d u a l  f i n g e r s .  i t  i s  e x p e c t e d  t h a t  w i t h  t h e  c o n t i n u e d
6a d v a n c e  o f  s c i e n c e  a n d  t e c h n o l o g y ,  more pow er  t o o l s  w i l l  
f i n d  t h e i r  way i n t o  t h e  m a r k e t p l a c e .  Humans s h o u l d  a l w a y s  
be  m a s t e r s  a n d  n e v e r  s e r v a n t s  o r  v i c t i m s  o f  p o w e red  h an d  
t o o l s .  An a p p r o p r i a t e  g u i d e l i n e  w i t h  due  r e g a r d  f o r  human 
c h a r a c t e r i s t i c s  s h o u l d  be a v a i l a b l e  t o  a t o o l  d e s i g n e r .  The 
i n v e s t i g a t i o n  o f  h a n d  g r i p s  a n d  t h e  p e r f o r m a n c e  o f  t h e  i n d e x  
an d  thum b  w i t h  r e s p e c t  t o  p o w e r  t o o l s  would p r o v i d e  t o o l  e n ­
g i n e e r s ,  r e s e a r c h e r s ,  and  m a n a g e r s  w i th  t h e  m eans  and d a t a  
u s e f u l  f o r  ( r e ) d e s i g n  o f  an  a p p r o p r i a t e  t r i g g e r  m e c h a n i s m ,
1 , 2  OBJECTIVES OF THIS STUDY
The p r i m a r y  p u r p o s e  o f  t h i s  s t u d y  was t o  e v a l u a t e  t h e  
u s e  o f  t h e  i n d e x  f i n g e r  a n d  t h e  th u m b  a s  t r i g g e r  o p e r a t o r s  
o f  power  t o o l s .  T h i s  s t u d y  a s s u m e d  t h a t  no  o t h e r  f i n g e r s  
p e r f o r m  a t r i g g e r  f u n c t i o n  b e t t e r  t h a n  t h e  i n d e x  o r  t h e
th u m b .  The o t h e r  t h r e e  f i n g e r s  o f  t h e  h a n d  l a c k  r e l a t i v e
i n d e p e n d e n c e  i n  t h e i r  m u s c u l a r  s t r u c t u r e  a n d  t e n d  t o  work
t o g e t h e r .  A l s o ,  t h e r e  h a s  n o t  b e e n  f o u n d  any  p o w e r  t o o l  i n
w h i c h  t h e  m i d d l e ,  r i n g ,  o r  l i t t l e  f i n g e r  t r i g g e r  a  s w i t c h .
I n  p o r t a b l e  t o o l  o p e r a t i o n s ,  t h e  g r i p  f o r  h o l d i n g  t h e  
t o o l  p r o v i d e s  t h e  f o u n d a t i o n  w h ic h  a l l o w s  t h e  i n d e x  a n d  t h e  
thum b  t o  p e r f o r m  t h e i r  t r i g g e r  f u n c t i o n s .  The s e c o n d a r y  
p u r p o s e  o f  t h i s  s t u d y  was t o  e v a l u a t e  t h e  tw o  t y p e s  o f  po w er  
g r i p s  u s e d  i n  t h e  i n d e x  a n d  t h e  thumb t r i g g e r  o p e r a t i o n .  To 
a c h i e v e  t h i s  g o a l ,  i t  was n e c e s s a r y  t o  c o l l e c t  some a d d i ­
t i o n a l  i n f o r m a t i o n ,  A s e r i e s  o f  e x p e r i m e n t s  was d e s i g n e d  t o
7o b t a i n  f u n d a m e n t a l  k n o w l e d g e  o f  i n d e x , t h u m b ,  and  g r i p  p e r ­
f o r m a n c e  a s s o c i a t e d  w i t h  t r i g g e r  o p e r a t i o n s  w i t h  t h e  f o l l o w ­
i n g  o b j e c t i v e s ;
1.  To d e t e r m i n e  i f  t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e
i n  s t r e n g t h  b e t w e e n  t h e  two g r i p s  t h a t  a r e  u sed  i n  
t h e  i n d e x  t r i g g e r  o p e r a t i o n  a n d  t h e  thum b  t r i g g e r  
o p e r a t i o n .
2 .  To d e t e r m i n e  i f  g r i p  s t r e n g t h  i s  a f f e c t e d  by g e n ­
d e r ,  i n d i v i d u a l  s u b j e c t  s t r e n g t h ,  g r i p  s p a n ,  a n d
w r i s t  o r i e n t a t i o n .  S u b j e c t  s t r e n g t h  was c l a s s i ­
f i e d  a s  s t r o n g ,  a v e r a g e ,  o r  weak ( s e e  S e c t i o n  3 . 3  
f o r  d e t a i l s ) .
3 .  To d e t e r m i n e  i f  i n d e x  s t r e n g t h  i s  a f f e c t e d  by g e n ­
d e r ,  i n d i v i d u a l  s u b j e c t  s t r e n g t h ,  i n d e x  f i n g e r  p o ­
s i t i o n ,  a n d  w r i s t  o r i e n t a t i o n .
h .  To d e t e r m i n e  i f  thum b s t r e n g t h  i s  a f f e c t e d  by g e n ­
d e r ,  i n d i v i d u a l  s u b j e c t  s t r e n g t h ,  th u m b  p o s i t i o n ,
a n d  w r i s t  o r i e n t a t i o n .
5 .  To d e t e r m i n e  i f  t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e
b e t w e e n  t h e  f a t i g u e  p a t t e r n s  o f  t h e  i n d e x  a n d  
t h u m b .  F a t i g u e  p a t t e r n s  o f  t h e  th u m b  a n d  t h e  i n ­
d e x  w e re  s t u d i e d  i n  tw o  t y p e s  o f  e n d u r a n c e  e x e r ­
c i s e ,  s u s t a i n e d  i s o m e t r i c  a n d  r h y t h m i c  i s o m e t r i c .
86 .  To d e t e r m i n e  i f  t h e  f a t i g u e  p a t t e r n s  a r e  a f f e c t e d  
by g e n d e r ,  i n d i v i d u a l  s u b j e c t  s t r e n g t h ,  f i n g e r ,  
a n d  w r i s t  o r i e n t a t i o n .
The  c r i t e r i o n  u s e d  f o r  t h e  e v a l u a t i o n  o f  m u s c u l a r  
s t r e n g t h  was t h e  MVC a n d  t h a t  u s e d  f o r  t h e  e v a l u a t i o n  o f  
m u s c u l a r  f a t i g u e  p a t t e r n s  was t h e  r e l a t i v e  s t r e n g t h  s c o r e . 
The r e l a t i v e  s t r e n g t h  s c o r e  (RSS) was  d e f i n e d  a s  t h e  r a t i o  
o f  t h e  MVC, m e a s u r e d  a t  f i x e d  i n t e r v a l s  d u r i n g  t h e  c o u r s e  o f  
t h e  e x e r c i s e ,  t o  t h e  i n i t i a l  MVC o b s e r v e d  a t  t h e  b e g i n n i n g  
o f  t h e  e x e r c i s e .  M u s c u l a r  f a t i g u e  p a t t e r n s  o f  t h e  i n d e x  a n d  
t h e  th u m b  w ere  c o m p a r e d  u s i n g  t h e  r e l a t i v e  s t r e n g t h  s c o r e s  
v s ,  t h e  e l a p s e d  t i m e .
T he  f i n a l  p u r p o s e  o f  t h i s  s t u d y  was t o  p r e p a r e  r e c o m ­
m e n d a t i o n s  f o r  t h e  d e s i g n  o f  a  g r i p  h a n d l e  a n d  t r i g g e r  
s w i t c h e s  f o r  p o r t a b l e  pow ered  hand  t o o l s ,
1 . 3  ORDER OF PRESENTATION
To f a c i l i t a t e  t h e  p r e s e n t a t i o n  o f  t h i s  s t u d y ,  t h e  
f o l l o w i n g  c h a p t e r s  a r e  s u m m a r i z e d  a s  f o l l o w s :
C h a p t e r  2: B a c k g r o u n d  a n d  L i t e r a t u r e  R ev iew
The b a c k g r o u n d  m a t e r i a l  i s  r e v i e w e d  i n  t h i s  c h a p t e r .  
T h e  r e v i e w  i n c l u d e s  p o r t a b l e  power  t o o l s  and t h e i r  
t a s k  c h a r a c t e r i s t i c s ,  f u n c t i o n a l  c o n s i d e r a t i o n  o f  
g r i p s ,  a  f u n c t i o n a l  r e v i e w  o f  t h e  i n d e x  and  t h e  
th u m b ,  t h e  s t a t e  o f  t h e  a r t  w i t h  r e s p e c t  t o  m u s c u l a r  
s t r e n g t h  a n d  e n d u r a n c e ,  and  t h e  v a r i a b l e s  t h a t  a f f e c t  
t h e s e  p e r f o r m a n c e s .
9C h a p t e r  3:  M a t e r i a l s  a n d  M e th o d s
T h i s  c h a p t e r  p r o v i d e s  t h e  d e s c r i p t i o n  o f  t h e  e x p e r i ­
ment i n  d e t a i l .  The d e s c r i p t i o n  i n c l u d e s  a s t a t e m e n t  
o f  t h e  p r o b l e m ,  t h e  e x p e r i m e n t a l  t a s k ,  t h e  e x p e r i ­
m e n t s ,  t h e  m e a s u r e m e n t s ,  and  t h e  p r o c e d u r e s .
C h a p t e r  4 :  R e s u l t s  and  D i s c u s s i o n
The r e s u l t s  o f  t h e  m e a s u r e m e n t s  a r e  d e s c r i b e d  w i t h  an  
a p p r o p r i a t e  d i s c u s s i o n .  The r e s u l t  p r e s e n t a t i o n  c o n ­
s i s t s  o f  g r i p  s t r e n g t h  d a t a ,  i n d e x  s t r e n g t h  d a t a ,  
thumb s t r e n g t h  d a t a ,  f a t i g u e  p a t t e r n s  e x p r e s s e d  i n  
t h e  f o r m  o f  n e g a t i v e  e x p o n e n t i a l  e q u a t i o n s  f o r  t h e  
i n d e x  and  t h e  thumb a n d  f o r  s u s t a i n e d  i s o m e t r i c  a n d  
r h y t h m i c  i s o m e t r i c  e x e r c i s e s .
C h a p t e r  5 :  C o n c l u s i o n s  and R ec o m m e n d a t io n s
C o n c l u s i o n s  a n d  r e c o m m e n d a t i o n s  f o r  t h e  d e s i g n  o f  a 
g r i p  h a n d l e  a n d  t r i g g e r  s w i t c h e s  a n d  f o r  f u r t h e r  s t u ­
d i e s  a r e  d i s c u s s e d  i n  t h i s  c h a p t e r .
CHAPTER I I  
BACKGROUND AND LITERATURE REVIEW
2 . 1  INTRODUCTION
The p u r p o s e  o f  t h i s  c h a p t e r  i s ,  i n  a b r o a d  s e n s e ,  t o  
d e f i n e  t h e  s u b j e c t  o f  t h i s  s t u d y  a n d  t o  p r o v i d e  b a c k g r o u n d  
m a t e r i a l .  The f i r s t  s e c t i o n  p r e s e n t s  a  r e v i e w  o f  t h e  u s e  o f  
p o r t a b l e  po w er  t o o l s  i n  t e r m s  o f  t r i g g e r  o p e r a t i o n .  T h e n ,  
t h e  c h a r a c t e r i s t i c s  o f  t h e  human h a n d  and f i n g e r s  a r e  r e ­
v i e w e d  i n  r e l a t i o n  t o  s u c h  t r i g g e r  o p e r a t i o n .  The s e c o n d  
s e c t i o n  r e v i e w s  b a c k g r o u n d  m a t e r i a l  on  d i f f e r e n t  g r i p s  w h ic h  
a r e  r e q u i r e d  f o r  t h e  o p e r a t i o n  o f  a p o r t a b l e  t o o l .  I n  t h e  
t h i r d  s e c t i o n ,  t h e  a n a t o m i c a l  a n d  f u n c t i o n a l  c h a r a c t e r i s t i c s  
o f  t h e  th u m b  a n d  t h e  i n d e x  f i n g e r  a r e  d e s c r i b e d .  I n  t h e  
n e x t  s e c t i o n ,  t h e  m e t h o d o l o g i e s  w h i c h  h a v e  b e e n  p r e v i o u s l y  
u s e d  t o  e x a m i n e  h a n d / f i n g e r  p e r f o r m a n c e  a r e  r e v i e w e d  and  an  
e v a l u a t i o n  o f  t h e i r  a p p r o p r i a t e n e s s  f o r  t h i s  s t u d y  i s  d i s ­
c u s s e d .  The  l a s t  s e c t i o n  o f  t h i s  c h a p t e r  d i s c u s s e s  t h e  v a r ­
i a b l e s  w h ic h  a f f e c t  human p e r f o r m a n c e  w i t h  r e s p e c t  t o  t o o l  
o p e r a t i o n .
10
11
2. 2 REVIEW OF POWER ÏOOLS AND THEIR TASK CHARACTERISTICS
A t r i g g e r  o p e r a t i o n  i s  d e f i n e d  a s  t h e  p r o c e d u r e  o f
t u r n i n g  a p o w e r  t o o l  o n / o f f  u s i n g  a t r i g g e r  s w i t c h  o p e r a t e d  
by a s q u e e z i n g / r e l e a s i n g  m o t i o n  o f  t h e  i n d e x  o r  thumb w i t h  
t h e  r e s t  o f  t h e  f i n g e r s  a n d  h a n d  g r a s p i n g  t h e  t o o l  h a n d l e .
A r e v i e w  o f  c o m m e r c i a l l y  a v a i l a b l e  t o o l s  r e v e a l e d  
t h a t  t o o l  d e s i g n e r s  h a v e  a s s i g n e d  t h e  t r i g g e r  f u n c t i o n  t o  
e i t h e r  t h e  i n d e x  o r  t h e  th u m b .  The t o o l  h a n d l e  was  g e n e r ­
a l l y  a n  e l l i p t i c  c y l i n d e r  h a v i n g  a m a j o r  a x i s  o f  5 . 8  t o  7 . h  
c e n t i m e t e r s  (cm) a n d  a  m i n o r  a x i s  o f  3 . 2  t o  3 . 8  cm. A c i r ­
c u l a r  h a n d l e  was n o t  f o u n d  i n  many t y p e s  o f  p o w e r  t o o l s  r e ­
q u i r i n g  a t r i g g e r  o p e r a t i o n .  T y p i c a l  s w i t c h  a n d  h a n d l e  c o n ­
f i g u r a t i o n s  a p p e a r i n g  i n  c o m m e r c i a l  p r o d u c t s  a r e  i l l u s t r a t e d  
i n  F i g u r e  1.
T h e r e  w ere  m a i n l y  tw o t y p e s  o f  o p e r a t i n g  s p e e d s  
a v a i l a b l e ;  (a) s i n g l e  s p e e d  and  (b) v a r i a b l e  s p e e d .  S i n g l e  
s p e e d  means t h a t  t h e  s p e e d  o f  t h e  t o o l  i s  c o n s t a n t  when i t
i s  i n  o p e r a t i o n .  On t h e  o t h e r  h a n d ,  v a r i a b l e  s p e e d  i m p l i e s
t h e  c a p a b i l i t y  t o  c h a n g e  t h e  s p e e d  d u r i n g  t h e  c o u r s e  o f  o p ­
e r a t i o n .  F u r t h e r  c l a s s i f i c a t i o n  o f  v a r i a b l e  s p e e d  t o o l s  
w i l l  b e  made l a t e r .
I n s o f a r  a s  t h e  s i n g l e  s p e e d  mode i s  c o n c e r n e d ,  t h e  
t r i g g e r  o p e r a t i o n  o f  pow ered  h a n d  t o o l s  d o e s  n o t  r e q u i r e  
f i n e  p s y c h o m o t o r  s k i l l s ,  c o m p l e x  h a n d / f i n g e r  m o t i o n s ,  s p e e d y  
f i n g e r  a c t i o n s ,  o r  h i g h l y  m e n t a l  t a s k s .  W h e t h e r  t h e  t r i g g e r  
i s  s q u e e z e d  s l i g h t l y ,  f u l l y ,  o r  h e l d  i n  i t s  m i d - p o s i t i o n  
d o e s  n o t  a f f e c t  t h e  o p e r a t i o n  o f  t h e  t o o l .
12
t r igger
tr igger
lo ck
(a) Examples of an index  t r i g g e r  o p e r a t i o n
tr i gge r
t r i  gger
(b) Examples  of a thumb trigger o pe ra t io n
Figure 1: Typical  gr ips  and t r igger  a r r a n g e m e n t s
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H o w e v e r ,  t h e  o p e r a t i o n  o f  e v e n  s i n g l e  s p e e d  t o o l s  may 
i n v o l v e  c o m p l e x  m o t i o n s  o r  h i g h l y  m e n t a l  t a s k s  i f  t h e  e n t i r e  
p r o c e s s  f o r  a c e r t a i n  t a s k  i s  e x a m i n e d .  B e f o r e  a p a r t  i s  
p r o c e s s e d ,  i t  m u s t  b e  l a i d  o u t .  L a y i n g  o u t  t h e  t a s k  may i n ­
v o l v e  h i g h  l e v e l  m e n t a l  work a n d  c a l c u l a t i o n s .  Once t h e  
l a y o u t  i s  d o n e ,  a po w er  t o o l  i s  a p p l i e d  t o  a p o i n t  oc l i n e  
on t h e  work .  D u r i n g  a p e r i o d  o f  t o o l  o p e r a t i o n ,  d e t a i l e d  
l i n e s  on t h e  work may demand c o m p l e x  m o t i o n s  o f  h a n d / f i n g e r s  
s o  t h a t  t h e  t o o l  f o l l o w s  t h e  l i n e s  a n d  t h e  g o a l  i s  a c h i e v e d .  
H o w ev e r ,  i t  i s  c l e a r  t h a t  t h e s e  m e n t a l  t a s k s  o r  c o m p le x  mo­
t i o n s  a r e  n o t  d i r e c t l y  r e l a t e d  t o  t h e  t r i g g e r  o p e r a t i o n  a s  
d e f i n e d  b e f o r e .  P r o v i d e d  t h e  o n / o f f  m o t i o n  o f  t h e  t r i g g e r  
d o e s  n o t  r e q u i r e  e x c e s s i v e  f o r c e  e x e r t i o n ,  l i t t l e  c a n  b e  
d o n e  by t h e  t r i g g e r  t o  i m p r o v e  t h e  q u a l i t y  o f  t h e  w o rk .  
T h e r e f o r e ,  i t  s e e m s  t h a t  t h e  t a s k  a s p e c t s  o f  s i n g l e  s p e e d  
t r i g g e r  o p e r a t i o n  do  n o t  a d d  s i g n i f i c a n t  f a c t o r s  t o  t h e  
f i n g e r  p e r f o r m a n c e  e v a l u a t i o n s  o f  t h i s  s t u d y .
From p e r s o n a l  i n s p e c t i o n  o f  po w er  t o o l s  an d  c o n v e r s a ­
t i o n s  w i t h  a t o o l  m a n u f a c t u r e r  ( S k i l ,  1979) an d  d i s t r i b u t o r s  
i n  Oklahoma C i t y ,  a v a r i a b l e  s p e e d  t o o l  may be  c l a s s i f i e d  
i n t o  t h r e e  t y p e s ;  (a) a  s p e e d  s e l e c t o r  s w i t c h  (two t o  f i v e  
s p e e d s )  o r  d i a l  w i t h  a m o m e n ta ry  c o n t a c t  ( o n / o f f )  t r i g g e r ,  
(b) a v a r i a b l e  s p e e d  t r i g g e r  w i t h o u t  a s p e e d  s e l e c t o r  o r  
d i a l ,  a n d  (c) a v a r i a b l e  s p e e d  t r i g g e r  w i t h  a s p e e d  s e l e c t o r  
o r  d i a l .
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Some power  t o o l s  a r e  e q u i p p e d  w i th  a s p e e d  c o n t r o l  a s  
w e l l  a s  a t r i g g e r  s w i t c h .  D i f f e r e n t  s p e e d s  a r e  a v a i l a b l e  
u s i n g  a s e l e c t o r  o r  d i a l .  W ith  a s e l e c t o r ,  a d i s c r e t e  
c h a n g e  o f  s p e e d  r e s u l t s  w h e r e a s  t h e  c h a n g e  o f  s p e e d  i s  c o n ­
t i n u o u s  w i t h  a  d i a l .  H o w e v e r ,  t h e  t r i g g e r  on t h i s  t y p e  o f  
t o o l  d o e s  n o t  v a r y  t h e  s p e e d .  I t  f u n c t i o n s  o n l y  a s  a n  
o n / o f f  s w i t c h  a s  i t  d o e s  i n  t h e  s i n g l e ,  c o n s t a n t  s p e e d  t o o l .  
T h e r e f o r e ,  i t  s ee m s  t h a t  t h e  c h a r a c t e r i s t i c s  o f  t h i s  t o o l  
a r e  i d e n t i c a l  t o  t h e  s i n g l e  s p e e d  t o o l .
The  v a r i a b l e  s p e e d  t r i g g e r  u s e d  i n  (b) o r  ( c ) , on t h e  
o t h e r  h a n d ,  f u n c t i o n s  t o  s w i t c h  on t h e  t o o l  a n d  c o n t r o l  t h e  
s p e e d  up t o  i t s  d e s i g n e d  a n d / o r  p r e s e t  maximum. In  (b) t h e  
maximum s p e e d  i s  f i x e d  w h e r e a s  i n  (c) d i f f e r e n t  maximum 
s p e e d  s e t t i n g s  a r e  a v a i l a b l e .  I n s o f a r  a s  t r i g g e r  f u n c t i o n s  
a r e  c o n c e r n e d ,  t h e  v a r i a b l e  s p e e d  t r i g g e r  p l a y s  t h e  same 
r o l e  i n  (b) a n d  ( c ) .
I n  t o o l s  w i t h  a v a r i a b l e  s p e e d  t r i g g e r ,  s p e e d  c o n t r o l  
i s  c o n t i n u o u s  b e t w e e n  t h e  b e g i n n i n g  a n d  t h e  end  o f  a  s w i t c h  
r a n g e ,  s i n c e  t h e r e  a r e  no c l e a r  d i s t i n c t i v e  s e t t i n g  
p o i n t s ^ ,  t h e  o p e r a t i o n  r e q u i r e s  f i n e  p s y c h o m o t o r  s k i l l s .  
H ow ever ,  i t  i s  d i f f i c u l t  f o r  t h e  u s e r  t o  j u d g e  a n d  t o  a d j u s t  
t h e  s p e e d  a t  e a c h  moment d u r i n g  t h e  c o u r s e  o f  an  o p e r a t i o n  
b e c a u s e  o f  l i m i t e d  s e n s o r y  c u e s .  The u s a r  m u s t  s e e k  o t h e r
o p o r c e  r e q u i r e m e n t  f o r  t r i g g e r  o p e r a t i o n s  were  m e a s u r e d  t o  
e n s u r e  i f  s u c h  t a c t i l e  c u e s  m ig h t  be  a v a i l a b l e  f ro m  t r i g g e r  
s w i t c h e s .  S ee  A p p e n d i x  A f o r  d e t a i l s .
15
c u e s  s u c h  a s  s o u n d ,  t o o l  v i b r a t i o n ,  s i g h t ,  s m e l l ,  and  p r o ­
p r i o c e p t i v e  a n d  p r e s s u r e  f e e d b a c k s  f r o m  t h e  t r i g g e r  f i n g e r .  
T h e  d e s i r e d  s p e e d  m u s t  be  c o n t r o l l e d  by t h e  t r i g g e r  f i n g e r  
u n d e r  c o n d i t i o n s  i n  which  m i n i m a l  f e e d b a c k  i s  a v a i l a b l e .  As 
a r e s u l t ,  a  l o t  o f  p r a c t i c e  i s  r e g u i r e d  t o  b u i l d  s u c h  
s k i l l s .  I f  s u c h  s p e e d  c o n t r o l  w e re  n e c e s s a r y  and  i m p o r t a n t  
f o r  p o w e r  t o o l  o p e r a t i o n s ,  t h i s  s t u d y  s h o u l d  h a v e  i n c l u d e d  
t h i s  a s p e c t  o f  f i n g e r  p e r f o r m a n c e .  T h i s  g u e s t i o n  p r o m p t e d  
f u r t h e r  i n v e s t i g a t i o n  o f  p r o d u c t s  on t h e  m a r k e t .  F u r t h e r  
c o n v e r s a t i o n s  w i t h  a power  t o o l  m a n u f a c t u r e r  ( S k i l ,  1979) 
r e v e a l e d  t h e i r  i n t e n t i o n  o f  t h e  v a r i a b l e  s p e e d  t r i g g e r  a s  
f o l l o w s :
1.  The  v a r i a b l e  s p e e d  t r i g g e r  i s  i n t e n d e d  t o  e l i m i ­
n a t e  p r e p a r a t o r y  s t e p s  i n  a t a s k  r a t h e r  t h a n  t o  
p r o v i d e  v a r i o u s  s p e e d s .  An e x a m p l e  g i v e n  was t h a t  
o f  " d r i l l i n g  a h o l e " . A p u n c h  i s  u s u a l l y  u s e d  t o  
f a c i l i t a t e  a f o l l o w i n g  d r i l l i n g  s t e p .  The p u n c h ­
i n g  s t e p  may be  r e p l a c e d  by  i m m e d i a t e  a p p l i c a t i o n  
o f  a d r i l l  w i t h  a  s l o w e r  s p e e d .  O nce  t h e  p r e p a r a ­
t o r y  d r i l l i n g  i s  d o n e ,  d r i l l i n g  i s  c o n t i n u e d  a t  
t h e  p r o p e r  (maximum a s  d e s i g n e d  o r  c h o s e n  f o r  t h e  
t o o l )  s p e e d  t o  c o m p l e t e  t h e  t a s k .
2 .  The m a n u f a c t u r e r ' s  i n t e n d e d  p u r p o s e  o f  a v a r i a b l e  
s p e e d  t r i g g e r  i s  t o  p r o v i d e  a v e r y  s lo w  s p e e d  a n d  
a s e l e c t e d  ( o r  d e s i g n e d )  maximum s p e e d .  T h i s  s a -
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t i s f i e s  t h e  r e q u i r e m e n t s  o f  s l o w  s p e e d  f o r  t h e  b e ­
g i n n i n g  o f  a t a s k  and  t h e  a p p r o p r i a t e  s p e e d  f o r  
t h e  p r o c e s s i n g  o f  c e r t a i n  t y p e s  o f  m a t e r i a l  w i t h  
c e r t a i n  t o o l  b i t s .
3 .  I f  a s p e c i f i c  s p e e d  i s  c r i t i c a l  and  i m p o r t a n t  f o r  
a g i v e n  t a s k ,  s u c h  s p e e d  s h o u l d  be o b t a i n e d  w i t h  a 
s p e e d  s e l e c t o r  o r  d i a l  r a t h e r  t h a n  t h e  c o n t r o l  o f  
t h e  v a r i a b l e  s p e e d  t r i g g e r .  The m a n u f a c t u r e r  r e ­
commends t h e  u s e  o f  a s e l e c t o r  when t h e  s p e e d  i s  
i m p o r t a n t  f o r  a  g i v e n  t a s k .  The v a r i a b l e  s p e e d  
t r i g g e r  i s  f r e q u e n t l y  p r o m o t e d  f ro m  t h e  s a l e s  
p o i n t  o f  v i e w .
The  human h a n d  (w h ich  s h a k e s  b y  i t s  n a t u r e )  i s  n o t  a s  
s t a b l e  a s  a  t o o l  f i x t u r e .  H o w ev e r ,  i t  i s  t h e  o n l y  a v a i l a b l e  
f i x t u r e  f o r  t h e  p o r t a b l e  t o o l .  T h e r e f o r e ,  o b t a i n a b l e  a c c u ­
r a c y  f ro m  a p o w er  t o o l  i s  p o o r  a n d  l i m i t e d  i n  c o m p a r i s o n  
w i t h  a m a c h i n e  t o o l .  I t  i s  u n r e a s o n a b l e  t o  e x p e c t  a c c u r a c y  
beyond  a c e r t a i n  l e v e l  u s i n g  a v a r i a b l e  s p e e d  t r i g g e r  a t  t h e  
m i d d l e  p o s i t i o n  o f  i t s  r a n g e .  From t h e  e c o n o m i c  and a c c u ­
r a c y  p o i n t s  o f  v i e w ,  i t  i s  r e a s o n a b l e  t o  a s s u m e  t h a t  t h e  
r i g h t  t o o l  h a s  b e e n  c h o s e n  t o  p r o c e s s  a  c e r t a i n  t y p e  o f  ma­
t e r i a l  a n d  t h a t  i t  i s  u s e d  c o r r e c t l y .  W heneve r  t h i s  a s s u m p ­
t i o n  i s  v i o l a t e d ,  i t  s e e m s  t h a t  s u c h  o p e r a t i o n  i s  u n e c o n o m i ­
c a l .  F u r t h e r m o r e ,  i t  i s  r e a s o n a b l e  t o  a s s u m e  t h a t  a s p e e d
c h a n g e ,  i f  n e c e s s a r y ,  s h o u l d  b e  d o n e  by a s e l e c t o r  o r  d i a l
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r a t h e r  t h a n  by a v a r i a b l e  s p e e d  t r i g g e r .  I t  was a s s u m e d  
t h a t  t h e  a c c u r a c y  o f  t h e  s p e e d  c o n t r o l  b y  t h e  f i n g e r  f o r  a 
v a r i a b l e  s p e e d  t r i g g e r  was  n o t  i m p o r t a n t  a n d  i s  n o t  a m a j o r  
f a c t o r  o f  t h i s  s t u d y .  H e n c e ,  f a c t o r s  a f f e c t i n g  f i n e  p s y c h o ­
m o t o r  s k i l l s ,  m e n t a l  t a s k s ,  a n d  c o m p le x  m o t i o n s  o f  t h e  
h a n d / f i n g e r s  a s s o c i a t e d  w i t h  t r i g g e r  o p e r a t i o n s  w ere  n o t  i n ­
v e s t i g a t e d  by  t h i s  s t u d y .
The m a j o r  t a s k  i n v o l v e d  i n  t h e  t r i g g e r  o p e r a t i o n  i s ,  
t h e r e f o r e ,  a p h y s i c a l  t a s k  ( i . e . ,  m u s c u l a r  s t r e n g t h  o r  mus­
c u l a r  e n d u r a n c e ) . The  f u n c t i o n a l  g r i p  and  g r i p  s t r e n g t h  c a ­
p a b i l i t y  o f  t h e  human hand  i s  r e v i e w e d  i n  t h e  n e x t  s e c t i o n  
a n d  t h e  s t r e n g t h  a n d  e n d u r a n c e  c a p a b i l i t y  o f  t h e  thum b a n d  
t h e  i n d e x  i s  r e v i e w e d  i n  f o l l o w i n g  s e c t i o n s ,
2 . 3  FUNCTIONAL CONSIDERATION OF GRIP
2 . 3 . 1  W r i s t  A r t i c u l a t i o n
I t  i s  w o r t h w h i l e  t o  r e v i e w  g r i p  s t u d i e s  b e c a u s e  g r i p ­
p i n g  i s  a n e c e s s a r y  a n d  f u n d a m e n t a l  a c t i o n  f o r  any  p o r t a b l e ,  
pow er  t o o l  o p e r a t i o n .  S i n c e  t h e  w r i s t  o r  c a r p u s  i s  t h e  
j o i n t  which  l i n k s  t h e  h a n d  a n d  f o r e a r m ,  t h e  m o t i o n  o f  t h e  
w r i s t  (D e m p s te r  e t  a l , ,  1 9 4 7 ;  R a d o n j i c  e t  a l , ,  1971) w i l l  be  
r e v i e w e d  b r i e f l y  b e f o r e  t h e  g r i p  i s  d i s c u s s e d .
The m o t i o n  o f  t h e  w r i s t  o c c u r s  i n  t h e  c a r p a l  j o i n t s ;
(a) r a d i o - c a r p a l ,  (b) i n t e r c a r p a l ,  a n d  (c) m i d c a r p a l .  T h e r e  
i s  no i m p o r t a n t  m o t i o n  b e t w e e n  t h e  b a s e s  o f  t h e  2 n d ,  3 r d ,  
4 t h  a n d  5 t h  m e t a c a r p a l s  a n d  t h e  row o f  t h e  h a m a t e ,  t h e  c a p i ­
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t a t e ,  a n d  t h e  t r a p e z o i d .  T h e r e  a r e ,  h o w e v e r ,  two u n i t s  
f u n c t i o n a l  i m p o r t a n c e ;  (a) t h e  p r o x i m a l  row o f  t h e  c a r p a l  
b o n e s  w i t h  t h e  e x c l u s i o n  o f  t h e  p i s i f o r m ,  and (b) t h e  d i s t a l  
row o f  t h e  c a r p a l  b o n e s  e x c l u d i n g  t h e  t r a p e z i u m .  The s c a ­
p h o i d  b o n e  f o r m s  a f u n c t i o n a l  l i n k  b e t w e e n  t h e  two u n i t s .  
F i g u r e  2 i l l u s t r a t e s  t h e  l o c a t i o n  o f  t h e  c a r p a l  b o n e s  and 
c a r p a l  j o i n t s .
H a m a t e .. 
Pis i form
Triquetrum-  
Lu not  e  **
M idca rp a l  j.
U l n a  —.
•1st m e t a ­
c a rp a l  bone
‘‘ Trapezoid  
T r a p e z i u m  
C a p i t a t e
• S c a p h o i d
Radiocarpal  j .
Radi  u s
F i g u r e  2;  The c a r p a l  b o n e s  i n  r e l a t i o n  t o  m e t a c a r p a l  and
f o r e a r m  b o n e s
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E x t e n s i o n  o f  t h e  w r i s t  o c c u r s  p r i m a r i l y  i n  t h e  m i d -  
c a r p a l  j o i n t  and  s e c o n d a r i l y  i n  t h e  r a d i o - c a r p a l  j o i n t .  The 
w r i s t  e x t e n s i o n  i s  p r o d u c e d  d i r e c t l y  by t h e  e x t e n s o r  c a r p i  
r a d i a l i s  l o n g u s ,  e x t e n s o r  c a r p i  r a d i a l i s  b r e v i s  (ECRB) and  
e x t e n s o r  c a r p i  u l n a r i s  m u s c l e s ,  a n d  i n d i r e c t l y  b y  t h e  e x t e n ­
s o r  d i g i t o r u m ,  e x t e n s o r  i n d i c i a  p r o p r i u s ,  e x t e n s o r  d i g i t o r u m  
m i n i m i ,  e x t e n s o r  p o l l i c i s  l o n g u s  and  e x t e n s o r  p o l l i c i s  b r e ­
v i s  m u s c l e s .  I n  c o n t r a s t ,  w r i s t  f l e x i o n  o c c u r s  p r i m a r i l y  i n  
t h e  r a d i o - c a r p a l  j o i n t  a n d  s e c o n d a r i l y  i n  t h e  m i d c a r p a l  
j o i n t .  I t  i s  p r o d u c e d  d i r e c t l y  by t h e  f l e x o r  c a r p i  r a d i a l i s ,  
f l e x o r  c a r p i  u l n a r i s  a n d  p a l m a r i s  l o n g u s ,  and  i n d i r e c t l y  by 
t h e  l o n g  f l e x o r s  o f  t h e  f i n g e r s  and  t h e  a b d u c t o r  p o l l i c i s  
l o n g u s ,
2 . 3 , 2  F u n c t i o n a l  C o n s i d e r a t i o n  o f  G r i p
The  g r i p p i n g  a c t i v i t i e s  o f  t h e  hand  h a v e  b e e n  c l a s s i ­
f i e d  i n t o  s e v e r a l  t y p e s  s u c h  a s  t h e  c y l i n d e r  g r i p ,  p i n c e r  
g r i p ,  p l i e r  g r i p ,  a n d  s o  f o r t h .  A l t h o u g h  t h i s  c l a s s i f i c a t i o n  
i s  e x p r e s s i v e ,  i t  d o e s  n o t  a p p e a r  t o  h a v e  a n y  p a r t i c u l a r  
f u n c t i o n a l  o r  a n a t o m i c a l  b a s i s ,  N a p i e r  (1956) p r o p o s e d  t h a t  
t h e  m ovem ents  o f  t h e  h a n d  c a n  b e  d i v i d e d  i n t o  two main  
g r o u p s :
1, P r e h e n s i l e  movements  i n  w h ic h  an o b j e c t  i s  h e l d  
p a r t l y  o r  w h o l l y  w i t h i n  t h e  c o m p a s s  o f  t h e  h a n d .
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2, N o n - p r e h e n s i l e  m ovem ents  i n  w h ich  no g r a s p i n g  i s  
i n v o l v e d  b u t  by w h ic h  o b j e c t s  c an  be m a n i p u l a t e d  
by p u s h i n g  o r  l i f t i n g  m o t i o n s  o f  t h e  h a n d  a s  a 
w ho le  o r  o f  t h e  d i g i t s  i n d i v i d u a l l y .
T h e  p r e h e n s i l e  g r i p  i s  f u r t h e r  d i v i d e d  i n t o  tw o  g r i p s :  t h e
p o w e r  g r i p  a n d  t h e  p r e c i s i o n  g r i p .  "Pow er  g r i p "  i s  d e f i n e d  
a s  f o r c i b l e  a c t i v i t i e s  o f  t h e  thum b a n d  f i n g e r s  a g a i n s t  t h e  
p a lm  w h i l e  " p r e c i s i o n  g r i p "  i s  t h e  m a n i p u l a t i o n  o f  an  o b j e c t  
b e t w e e n  t h e  thum b and  f i n g e r s .  The  e s s e n t i a l  a n a t o m i c a l  
f e a t u r e s  o f  t h e s e  two g r i p s  become c l e a r  when t h e  thum b  
a n d  o t h e r  f i n g e r s  a r e  c o n s i d e r e d  s e p a r a t e l y .  The p o s i t i o n  o f  
t h e  th u m b  d i f f e r s  i n  t h e  tw o  g r i p s .  I n  t h e  pow er  g r i p ,  t h e  
th u m b  i s  a d d u c t e d  a t  t h e  m e t a c a r p o p h a l a n g e a l  (HP) and  c a r ­
p o m e t a c a r p a l  (CM) j o i n t s  w h i l e  i t  i s  a b d u c t e d  a t  b o t h  j o i n t s  
i n  t h e  p r e c i s i o n  g r i p .  A p i c t o r i a l  p r e s e n t a t i o n  o f  t h e  d i f ­
f e r e n c e  i s  shown i n  F i g u r e  3 .
L a n d s m e e r  (1962) p o i n t e d  o u t  t h a t  p o w e r  g r i p p i n g  c o n ­
s i s t s  o f  s t a t i c  a n d  d y n a m ic  p h a s e s .  The s t a t i ç  c o n c e p t  i n d i ­
c a t e s  t h e  f i n a l  s t a t e  o f  t h e  power  g r i p .  The d y n a m ic  p h a s e  
i s  c o m p r i s e d  o f  a  s e r i e s  o f  v o l u n t a r y  a c t s :
1. O p e n i n g  t h e  h a n d — t h e  i n t e r p h a l a n g e a l  ( IP)  a n d  t h e  
HP j o i n t s  s i m u l t a n e o u s l y  e x t e n d
2. C h o i c e  o f  f i n g e r  p o s i t i o n — t h e  f i n g e r s  a d j u s t  a t  
t h e  HP j o i n t s .
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(a) P r e c i s i o n  h a n d l i n g
(b)  P o w e r  g r i p
F i g u r e  3: Two t y p e s  of  grip
Note that the thumb is abducted in (a) and it is 
adducted in (b).
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3.  A p p r o a c h — a s  t h e  f i n g e r s  a p p r o a c h  t h e  o b j e c t ,  t h e  
HP j o i n t s  f l e x  w h i l e  t h e  I P  j o i n t s  f l e x ,
4 .  G r i p — a s  t h e  f i n g e r s  t a k e  h o l d  o f  t h e  o b j e c t ,  t h e y  
a r e  d ra w n  by  t h e  f l e x o r  d i g i t o r u m  p r o f u n d u s  so  
t h a t  t h e y  r e m a i n  i n  a  p o s i t i o n  t h a t  e n s u r e s  a n  e f ­
f i c i e n t  g r i p .
The m u s c l e s  w h i c h  c o n t r o l  h a n d  m ovem ents  may be c l a s ­
s i f i e d  a s  e x t r i n s i c  ( l o c a t e d  i n  t h e  f o r e a r m )  o r  i n t r i n s i c  
( l o c a t e d  i n  t h e  h a n d )  . A l l  e x t r i n s i c  m u s c l e s  e x c e p t  t h e  
a b d u c t o r  p o l l i c i s  l o n g u s  a r e  i n v o l v e d  i n  v a r i o u s  f o r m s  o f  
t h e  po w er  g r i p  a n d  a r e  u s e d  i n  p r o p o r t i o n  t o  t h e  d e s i r e d  
f o r c e .  The m a j o r  i n t r i n s i c  m u s c l e s  u s e d  f o r  t h e  pow er  g r i p  
a r e  t h e  i n t e r o s s e i ,  u s e d  a s  p h a l a n g e a l  r o t a t o r s ,  l u m b r i c a l s ,  
a n d  h y p o t h e n a r  m u s c l e s .  T h e n a r  m u s c l e s  a r e  a l s o  u s e d  (Long 
e t  a l . ,  1 9 7 0 ) .  T h e r e f o r e ,  t h e  p o w e r  g r i p  c a n  b e  c o n s i d e r e d  
a s  a  t o t a l  h a n d  f u n c t i o n  i n  w h ic h  t h e  m i d d l e ,  r i n g  and l i t ­
t l e  f i n g e r s  s u p p l y  t h e  m a j o r  g r i p  f o r c e  by m eans  o f  t h e  e x ­
t r i n s i c  and  i n t e r o s s e i  m u s c l e s .  The i n d e x  f i n g e r  a s s i s t s  i n  
t h e  h o l d i n g  a n d  t h e  th u m b  s u p p l i e s  t h e  n e c e s s a r y  o p p o s i t i o n  
by means o f  t h e  t h e n a r  m u s c l e s .
The po w er  ( d e f i n e d  a s  t h e  p r o d u c t  o f  f o r c e s  t i m e s  
v e l o c i t y )  w h ic h  a m u s c l e  s y s t e m  d e l i v e r s  t o  an  e x t e r n a l  i n ­
e r t i a l  l o a d  i s  d e p e n d e n t  on  t h e  s i z e  o f  t h e  l o a d .  I f  t h e  
l o a d  i s  h e a v y ,  t h e  m u s c l e  movement i s  s l o w  a n d  t h e  p o w e r  i s  
l i m i t e d  by  t h e  s l o w  s p e e d .  On t h e  o t h e r  h a n d ,  i f  t h e  l o a d  i s
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l i g h t ,  t h e  m u s c l e  c a n  move i t  r a p i d l y  an d  t h e  po w er  i s  l i m ­
i t e d  by t h e  s p e e d  o f  m u s c l u a r  c o n t r a c t i o n .  T h e r e  may be  a 
l o a d  o r  r a n g e  o f  t h e  l o a d  f o r  w h ich  t h e  p o w e r  o u t p u t  i s  a 
maximum. T h i s  c o n c e p t  h a s  b e e n  i n v e s t i g a t e d  by  Su g g s  
( 1 9 6 9 ) ,  u s i n g  t h e  t o r g u e  d e v e l o p e d  b y  t h e  f o r e a r m .  As t h e  
e x t e r n a l  l o a d  on t h e  m u s c l e  i s  i n c r e a s e d ,  t h e  p o w e r  o u t p u t  
t o  t h e  l o a d  i s  i n c r e a s e d .  F u r t h e r  i n c r e a s e s  i n  t h e  l o a d  
a f t e r  r e a c h i n g  t h e  maximum p o w e r  w i l l  d e c r e a s e  t h e  pow er  
o u t p u t .  H i s  r e s u l t s  show t h a t  t h e  maximum po w er  o u t p u t  i s  
o b t a i n e d  when t h e  l o a d  i m p e d a n c e  (moment o f  i n e r t i a )  i s  f i v e  
t o  t e n  t i m e s  t h e  im p e d a n c e  o f  t h e  m u s c l e  s y s t e m  i n v o l v e d .
L a n d s m e e r  (1962)  p r o p o s e d  t h e  t e r m i n o l o g y  " p r e c i s i o n  
h a n d l i n g "  r a t h e r  t h a n  " p r e c i s i o n  g r i p "  b a s e d  upon  t h e  o b s e r ­
v a t i o n  t h a t  p r e c i s i o n  g r i p  d o e s  n o t  i n v o l v e  a n y  f o r c e f u l  
g r a s p i n g  o f  t h e  o b j e c t .  The c e n t r a l  f a c t  i n  " h a n d l i n g "  i s  
t h a t  t h e  o b j e c t  c a n  b e  m a n i p u l a t e d  by  means  o f  t h e  f i n g e r s .  
The MP a n d  I P  j o i n t s  move i n d e p e n d e n t l y .  T h e r e  i s  no d i s t i n ­
g u i s h i n g  p o i n t  b e t w e e n  t h e  s t a t i c  a n d  d y n a m ic  p h a s e s  a s  o b ­
s e r v e d  i n  t h e  po w er  g r i p .  I n  p r e c i s i o n  h a n d l i n g ,  s p e c i f i c  
e x t r i n s i c  m u s c l e s  p r o v i d e  g r o s s  m o t i o n  and  c o m p r e s s i v e  f o r c e  
a n d  i n t r i n s i c  m u s c l e s  p l a y  an  i m p o r t a n t  r o l e  i n  h a n d l i n g  o r  
m a n i p u l a t i o n  (Long e t  a l . ,  1 9 7 0 ) .  T h e r e f o r e ,  p r e c i s i o n  h a n ­
d l i n g  c a n  b e  c o n s i d e r e d  a  s p e c i a l  f u n c t i o n  o f  t h e  thum b a n d  
t h e  i n d e x ,  a s s i s t e d  a s  n e c e s s a r y  by t h e  m i d d l e ,  r i n g  a n d  
l i t t l e  f i n g e r s .  F u r t h e r  d i s c u s s i o n  o f  f u n c t i o n a l  m ovem ents  
o f  t h e  f i n g e r s  w i l l  be  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n  o f  t h i s  
c h a p t e r .
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2 . 4  FDNÇTIONAL REVIEW OF FINGER MOVEMENTS
A f i n g e r  j o i n t  c a n  b e  p l a c e d  i n  any  d e s i r e d  p o s i t i o n  
w i t h i n  a f u n c t i o n a l  r a n g e .  N orm al  f i n g e r  m o t i o n  i s  c h a r a c ­
t e r i z e d  by c o o r d i n a t i o n  o f  t h e  p h a l a n g e a l  m ovem en ts  a n d  by 
t h e  MP j o i n t  moving i n d e p e n d e n t l y  o f  t h e  I P  j o i n t  ( L a n d s ­
m e e r ,  1 9 6 3 ) .  Two m u s c l e s ,  a c t i n g  a s  f l e x o r  and  e x t e n s a r ,  c a n  
p r o d u c e  i n d e p e n d e n t  m o t i o n  i n  t h e  MP j o i n t  o r  i n  t h e  I P  
j o i n t  o n l y  i f  one  o f  them  h a s  r e a c h e d  i t s  f u n c t i o n a l  end  p o ­
s i t i o n ,  i . e . ,  f u l l  f l e x i o n  f o r  t h e  I P  j o i n t  and  h y p e r e x t e n ­
s i o n  f o r  t h e  HP j o i n t .  I f  n e i t h e r  r e a c h e s  i t s  f u n c t i o n a l  e n d  
p o i n t ,  a t h i r d  f o r c e  i s  r e q u i r e d  f o r  i n d e p e n d e n t  c o n t r o l  o f  
t h e  HP a n d  I P  j o i n t s .  The t h i r d  f o r c e  may b e  a c t i v e  m u s c u l a r  
f o r c e ,  v i s c o e l a s t i c  f o r c e ,  a n d / o r  r h é o l o g i e  f o r c e .  I t  i s  
d i f f i c u l t  t o  m e a s u r e  t h e  t h i r d  f o r c e s  w i th  p r e s e n t  t e c h n i ­
q u e s  ( L a n d s m e e r ,  1 9 7 6 ) .  B e c a u s e  o f  t h i s  d i f f i c u l t y ,  m u s c l e  
p a r t i c i p a t i o n  i n  f i n g e r  movement i s  n o t  t h o r o u g h l y  u n d e r ­
s t o o d .  H ow ever ,  t h e  m a j o r  r o l e s  o f  m u s c l e s  i n  f i n g e r  move­
m en t  a r e  d e s c r i b e d  i n  t h e  l i t e r a t u r e .  S i n c e  t h i s  s t u d y  i s  
c o n c e r n e d  w i t h  i n d e x  a n d  thumb p e r f o r m a n c e ,  t h e  r e v i e w  o f  
f i n g e r  m ovem ents  w i l l  be  l i m i t e d  t o  t h e s e  two d i g i t s .
2 . 4 . 1  A n a t o m i c a l  a n d  F u n c t i o n a l  R e y i ^  o f  t h e  
I n d e x
M u s c l e s  w h ic h  a t t a c h  t o  t h e  i n d e x  f i n g e r  a r e  t h e  
f l e x o r  d i g i t o r u m  p r o f u n d u s  (F D P ) , f l e x o r  d i g i t o r u m  s u p e r f i -  
c i a l i s  (FDS),  e x t e n s o r  d i g i t o r u m  com m unis  (EDC), e x t e n s o r  
i n d i c i s  p r o p r i u s  ( E I P ) ,  f i r s t  d o r s a l  i n t e r o s s e o u s  ( F D I ) ,
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p a l m e r  i n t e r o s s e o u s  (PI) , a n d  l u m b r i c a l * .  F i g u r e  4 
r e p r e s e n t s  t h e s e  m u s c l e s  w i t h  t h e i r  s t r u c t u r a l  a r r a n g e m e n t s .
T h e  f i r s t  f o u r  m u s c l e s  a r e  e x t r i n s i c .  T h e i r  a n a t o m i ­
c a l  c h a r a c t e r i s t i c s  a r e  a s  f o l l o w s ;
1. The  FDP o r i g i n a t e s  f r o m  t h e  u p p e r  t h r e e  f o u r t h s  o f
t h e  s h a f t  o f  t h e  u l n a  a n d  i n s e r t s  i n t o  t h e  t e r m i ­
n a l  p h a l a n x  o f  t h e  i n d e x .  I t  i s  i n n e r v a t e d  by 
b r a n c h e s  o f  t h e  m e d ia n  n e r v e  and u l n a r  n e r v e  and  
i s  r e s p o n s i b l e  f o r  f l e x i o n  o f  a l l  p h a l a n g e s .
2.  The FDS h a s  t h r e e  h e a d s ;  (a) h u m s r a l ,  (b) u l n a r ,  
a n d  (c) r a d i a l .  I t  i n s e r t s  i n t o  t h e  s e c o n d  p h a l a n x  
o f  t h e  i n d e x  a n d  i s  r e s p o n s i b l e  f o r  f l e x i o n  o f  t h e  
m i d d l e  p h a l a n x .  I t  r e c e i v e s  i t s  i n n e r v a t i o n  f r o m  
b r a n c h e s  o f  t h e  m ed ian  n e r v e .
3 .  The  EDC o r i g i n a t e s  c h i e f l y  f r o m  t h e  e x t e r n a l  e p i -
c o n d y l e  o f  t h e  h u m e r u s  a n d  i n s e r t s  i n t o  t h e  s e c o n d
a n d  t h i r d  p h a l a n g e s .  I t  i s  i n n e r v a t e d  by a b r a n c h  
o f  t h e  r a d i a l  n e r v e  a n d  e x t e n d s  t h e  i n d e x  a n d  t h e  
w r i s t .
♦The e x t e n s o r  c a r p i  r a d i a l i s  l o n g u s  i s  a l s o  l o c a t e d  a t  t h e  
b a s e  o f  t h e  m e t a c a r p a l  b o n e  o f  t h e  i n d e x .  H o w e v e r ,  i t  i s  
o m i t t e d  f rom t h i s  r e v i e w  b e c a u s e  o f  i t s  m a j o r  f u n c t i o n  o f  
w r i s t  e x t e n s i o n .
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first dorsal 
interosseus(FDI)
extensor 
indicis 
proprius 
(EIP)
first palmar 
interosseus (PI)
first lumbrical
flexor
digitorum
profundus
(FDP)
extensor digitorum 
communis (EDC)
flexor digitorum 
superficiali 
(FDS)
(a) D o s a i  v i e w (b) V o l a r  v i e w
F i g u r e  A: Muscles of the index f inger
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4 .  The E IP  h a s  i t s  o r i g i n  on t h e  d o r s a l  s u r f a c e  o f  
t h e  u l n a  a n d  t h e  i n t e r o s s e o u s  membrane.  I t  m e r g e s
i n t o  t h e  f i r s t  t e n d o n  o f  t h e  EDC a n d  e x t e n d s  t h e
i n d e x .  I n n e r v a t i o n  i s  b y  a b r a n c h  o f  t h e  r a d i a l  
n e r v e .
T h e  l a t t e r  t h r e e  m u s c l e s  a r e  i n t r i n s i c .  They a r e  o r ­
i e n t e d  t o w a r d  f i n g e r  c o n t r o l  r a t h e r  t h a n  s t r o n g  f o r c e  e x e r ­
t i o n .  The MP j o i n t  i s  c o n t r o l l e d  by f o u r  t e n d o n s ,  c o u n t i n g  
t h e  EIP and  EDC t e n d o n s  a s  one  t e n d o n  due  t o  t h e  f a c t  t h a t  
t h e y  show a c l o s e  s i m i l a r i t y  i n  a l l  t y p e s  o f  f i n g e r  m o t i o n s  
( L a n d s m e e r ,  1955 ;  B o i v i n  e t  a l . ,  1 9 5 9 ) .  T h r e e  o f  them j o i n  
a t  t h e  l e v e l  o f  t h e  p r o x i m a l  I P  j o i n t  :
1.  The t w i n  b e l l i e d  FDI m u s c l e  i n s e r t s  i n t o  t h e  t r a n ­
s v e r s e  p a r t  o f  t h e  r a d i a l  wing t e n d o n .
2.  The l u m b r i c a l  p r o c e e d s  f r o m  t h e  o b l i q u e  p a r t  o f  
t h e  r a d i a l  w i n g .
3 .  The  P I  i n s e r t s  i n t o  t h e  u l n a r  s i d e  o f  t h e  wing  
t e n d o n .
Asym m etry  o f  movement i n  t h e  MP j o i n t  c a n  be e x p l a i n e d  by 
t h e  s t r u c t u r e  o f  t h e  l i g a m e n t s .  Asymmetry  o f  t h e  a t t a c h m e n t  
a n d  s i z e  o f  t h e  HP l i g a m e n t s ,  a s  p o i n t e d  o u t  by L a n d s m e e r  
( 1 9 5 5 ) ,  p l a y s  a n  i m p o r t a n t  r o l e  i n  f l e x i o n ,  e x t e n s i o n ,  a n d  
a b d u c t i o n .  T h i s  a s y m m e t r i c a l  s t r u c t u r e  i s  r e m a r k a b l e  i n  t h e  
i n d e x  a n d  t h e  m e d i u s  w h i l e  t h e r e  r e m a i n s  o n l y  a s y m m e t r y  o f  
p o s i t i o n  i n  t h e  r i n g  a n d  t h e  l i t t l e  f i n g e r .
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The w in g  t e n d o n s  o f  t h e  i n t e r o s s e i  p l a y  an e s s e n t i a l  
r o l e  i n  t h e  p a t t e r n s  o f  e x t e n s i o n ,  f l e x i o n ,  a n d  a b d u c t i o n .  
T h e  FDI a n d  P I  p r i m a r i l y  p a r t i c i p a t e  i n  m o t i o n s  i n  w h ic h  t h e  
I P  j o i n t s  a r e  e i t h e r  e x t e n d i n g  o r  h e l d  e x t e n d e d  a n d  t h e  MP 
j o i n t  i s  f l e x i n g  o r  h e l d  f l e x e d  ( S t a c k ,  1 9 6 2 ;  B o i v i n  e t  a l . ,  
1969) . S i n c e  t h e  a c t i o n  o f  t h e  i n t e r o s s e i  p r o d u c e s  h y p e r e x ­
t e n s i o n  o f  t h e  MP j o i n t ,  t h e y  a r e  n o t  a b l e  t o  i n i t i a t e  t h e  
MP f l e x i o n .  I n  o t h e r  w o r d s ,  t h e  e x t e n s o r  a n d  f l e x o r  t e n d o n s  
b r i d g e  t h e  MP j o i n t  a n d  t h e  p r o x i m a l  IP j o i n t  i n  s u c h  a  way 
t h a t  t h e y  t e n d  t o  e x t e n d  t h e  MP j o i n t  and t o  f l e x  t h e  p r o x i ­
m a l  I P  j o i n t .  H o w ev e r ,  t h i s  t e n d e n c y  i s  c o u n t e r b a l a n c e d  by 
t h e  a c t i o n  o f  t h e  l u m b r i c a l i s  and i n t e r o s s e i  t h r o u g h  t h e  
wing t e n d o n s ,  B o i v i n  a n d  a s s o c i a t e s  (1952)  r e p o r t e d  t h a t  
t h e  l u m b r i c a l s  a n d  t h e  i n t e r o s s e i  a r e  s h o r t e s t  i n  l e n g t h  i n  
t h i s  p o s i t i o n .
The l u m b r i c a l  and  I P  e x t e n s i o n  ( e i t h e r  e x t e n d i n g  o r  
h e l d  e x t e n d e d )  a r e  s t r o n g l y  i n t e r r e l a t e d .  T h i s  h o l d s  t r u e  no 
m a t t e r  what t h e  p o s i t i o n  o r  movement  o f  t h e  MP j o i n t  (B a ck ­
h o u s e  an d  C a t t o n ,  1 9 5 4 ;  S t a c k ,  1969;  Long a n d  Brown, 1 9 6 4 ;  
a n d  B o i v i n  e t  a l , ,  1 9 6 9 ) ,  S i n c e  t h e  l u m b r i c a l i s  i n s e r t s  i n t o  
t h e  FDP t e n d o n ,  some t e n s i o n  o f  t h e  FDP i s  n e c e s s a r y  f o r  t h e  
l u m b r i c a l i s  t o  work  e f f e c t i v e l y .  The FDP t e n d o n  b e y o n d  t h e  
o r i g i n  o f  t h e  l u m b r i c a l i s  d o e s  n o t  p a r t i c i p a t e  i n  t h e  move­
m e n t  d u r i n g  which  t h e  l u m b r i c a l i s  r e m a i n s  c o n t r a c t e d  w i t h o u t  
a l t e r i n g  i t s  l e n g t h .
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The I P  j o i n t s  a r e  b r i d g e d  by a t e n d i n o u s  a p p a r a t u s .  
S h o r t e n i n g  o f  t h e  f l e x o r  m u s c l e s  m u s t  b e  a c c o m p a n i e d  by  
l e n g t h e n i n g  o f  t h e  e x t e n s o r  a p p a r a t u s  i n  t h e  b i a r t i c u l a r  
s y s t e m  o f  t h e  I P  j o i n t s .  I n  t h e  movement o f  t h e  I P  j o i n t s  
i n t o  f l e x i o n  f r o m  t h e  p o s i t i o n  o f  t o t a l  j o i n t s  e x t e n s i o n  
d u r i n g  which  t h e  MP j o i n t  i s  h e l d  s t r a i g h t ,  t h e  FDP a n d  EDC 
a r e  a c t i v e  a s  i n d i c a t e d  by  e l e c t r o m y o g r a p h y .  T h e r e  i s  a b s o ­
l u t e l y  no a c t i v e  p a r t i c i p a t i o n  o f  t h e  l u m b r i c a l i s  and  i n t e r ­
o s s e i  ( S t a c k ,  1 9 6 2 ;  L a n d s m ee r  a n d  L o n g ,  1 9 6 5 ) ,  H ow ever ,  t h e  
P I  i s  an a d d u c t o r  a n d  t h e  FDI i s  a n  a b d u c t o r  i n  a d d i t i o n  t o  
t h e i r  r o l e s  o f  f l e x i o n  a t  t h e  MP j o i n t .  T h e r e f o r e ,  t h e y  a r e  
a c t i v e  w h e n e v e r  a d d u c t i o n  o r  a b d u c t i o n  o f  t h e  i n d e x  t a k e s  
p l a c e  i n  t h e  a b o v e  movement.
The IP  j o i n t s  c o m p r i s e  one b i a r t i c u l a r  s y s t e m  i n  
w h ich  t h e  m i d d l e  p h a l a n x  a c t s  i n  p o s i t i v e  f l e x i o n  when t h e  
FDP i s  a c t i v e .  I n  t h i s  m o t io n  o f  f l e x i o n ,  t h e  m i d d l e  p h a l a n x  
c o n s t a n t l y  l o a d s  t h e  c e n t r a l  t e n d o n  o f  t h e  e x t e n s o r  m e c h a n ­
i s m  (L a n d s m e e r ,  1 9 6 3 ) ,  To f l e x  t h e  s e c o n d  p h a l a n x  w h i l e  t h e  
f i r s t  p h a l a n x  r e m a i n s  i n  a f i x e d  p o s i t i o n ,  t h e  FDS, e x t e n ­
s o r s ,  and i n t e r o s s e i  c o o p e r a t e .  I n  t h i s  m ovem ent ,  t h e  t h i r d  
p h a l a n x  i s  b e y o n d  c o n t r o l  and  b e c o m e s  l o o s e n e d  b e c a u s e  t h e  
l u m b r i c a l i s  r e m a i n s  l i m i t e d  t o  t h e  s e c o n d  p h a l a n x  ( L a n d s ­
m e e r ,  1 9 6 3 ) ,  I n  o t h e r  w o r d s ,  t h e  t e r m i n a l  a n d  m i d d l e  p h a ­
l a n g e s  a r e  u n d e r  t h e  c o n t r o l  o f  t h e  t e r m i n a l  a n d  c e n t r a l  
t e n d o n  o f  t h e  e x t e n s o r  a s s e m b l y ,  r e s p e c t i v e l y .
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The I P  j o i n t s  f l e x  a n d  e x t e n d  w h i l e  t h e  HP j o i n t  i s  
h e l d  e x t e n d e d .  The f l e x i o n  p h a s e  o f  t h i s  movement  e v o k e s  a
m a r k e d  a c t i v i t y  i n  t h e  EDC and  E I P ,  a m o d e r a t e  a c t i v i t y  i n  
t h e  FDP, a n d  a  m i n i m a l  o r  s i l e n t  a c t i v i t y  i n  a l l  t h e  i n t r i n ­
s i c  m u s c l e s  a n d  i n  t h e  FDS, I n  e x t e n s i o n ,  t h e  l u m b r i c a l i s  
a n d  t h e  EDC a r e  m o d e r a t e l y  a c t i v e .  H o w ev e r ,  t h e  m u s c l e  a c ­
t i v i t i e s  o f  t h e  F D I ,  FDP and  FDS v a r y  f r o m  m i n i m a l  t o  z e r o  
( S t a c k ,  1962 ; B o i v i n  e t  a l , ,  1 9 6 9 ) ,
The f i n g e r  m ovem ents  d e s c r i b e d  a b o v e  h a v e  b e e n  f r e e  
o r  u n c o n s t r a i n e d  m ovem en ts .  M ovem ents  a g a i n s t  a r e s i s t i n g  
f o r c e  w i l l  now be  d e s c r i b e d .  I t  i s  i n t e r e s t i n g  t h a t  f r e e  o r  
u n l o a d e d  m o t i o n  t o w a r d  t h e  pa lm  i s  p u r e l y  e x t r i n s i c  a n d  t h e  
i n t r i n s i c  m u s c l e s  a r e  e n t i r e l y  s i l e n t .  H o w ev e r ,  movement t o ­
w a r d  t h e  pa lm i n  c o n t a c t  w i t h  an o b j e c t  i m m e d i a t e l y  e v o k e s  
a c t i v i t y  o f  t h e  i n t e r o s s e i .  P h a l a n g e a l  t e n d o n s  o f  t h e  i n t e r ­
o s s e i  make e s s e n t i a l  c o n t r i b u t i o n s  t o  l o a d e d  w ork .  I n  g r a s p ­
i n g  a c y l i n d r i c a l  o b j e c t ,  t h e  f i r s t  a n d  s e c o n d  d o r s a l  i n t e r ­
o s s e i  come f u l l y  i n t o  p l a y  t o  o p p o s e  t h e  a c t i o n  o f  t h e  thum b  
( L a n d s m e e r ,  1 9 5 3 ) .  On t h e  o t h e r  h a n d ,  t h e  a c t i v i t y  o f  t h e  
l u m b r i c a l i s  i s  t h e  same a s  f o r  u n c o n s t r a i n e d  m ovem en t ,  i . e . ,  
e x t e n s i o n  o f  t h e  I P  j o i n t .  The l u m b r i c a l i s  i n  t h e  l o a d e d  
movement  away  f ro m  t h e  palm i s  v e r y  a c t i v e  b u t  i t  i s  s i l e n t  
i n  t h e  movement t o w a r d s  t h e  pa lm  b o t h  l o a d e d  a n d  u n l o a d e d  
( L a n d s m e e r ,  1976) .
The FDP, o f  c o u r s e ,  i s  t h e  m a j o r  f u n c t i o n a l  t e n d o n  i n  
t h e  r e s i s t e d  m o t i o n  o f  i n d e x  f l e x i o n ,  i n  p i n c h i n g  a c t i o n s
31
i n v o l v i n g  t h e  m e e t i n g  o f  t h e  t i p  o f  t h e  thum b w i t h  t h e  t i p  
o f  t h e  i n d e x ,  t h e  p r o x i m a l  p h a l a n x  g o e s  i n t o  u l n a r  d e v i a t i o n  
a n d  t h e  FDP, FDS, a n d  FDI a r e  a c t i v e  i n  a s c e n d i n g  o r d e r  
(Chao e t  a l , ,  1 9 7 6 ) .  I n  p a l m a r  p i n c h  a c t i o n s ,  d e f i n e d  a s  
t h e  m e e t i n g  o f  t h e  pad  o f  t h e  a b d u c t e d  and m e d i a l l y  r o t a t e d  
th u m b  w i t h  t h e  p ad  o f  t h e  i n d e x  w h e r e  t h e  MP j o i n t  o f  t h e  
thum b i s  f l e x e d  a n d  t h a t  o f  t h e  I P  j o i n t  i s  e x t e n d e d ,  t h e  
FDP a n d  l u m b r i c a l i s  a r e  m o s t  a c t i v e  ( C l o s e  and  K i d d ,  1 9 6 9 ) .  
H o w e v e r ,  t h e  FDP o f  t h e  i n d e x  e x e r t s  a  s m a l l e r  f o r c e  d u r i n g  
g r a s p i n g  c o m p a r e d  t o  p i n c h i n g  a c t i o n s .  Dn t h e  o t h e r  h a n d ,  
t h e  e x t e n s o r s  f u n c t i o n  a c t i v e l y  d u r i n g  p i n c h i n g  b u t  b e h a v e  
p a s s i v e l y  i n  g r a s p i n g  (Chao e t  a l . ,  1 9 7 6 ) .
2 . 4 . 2  A n a t o m i c a l  a n d  F u n c t i o n a l  R ev iew  o f  t h e  
Thumb
The  thum b h a s  a  c o m p l e x  s t r u c t u r e  w h i c h  c a n  move i t  
i n  many p l a n e s  a n d  a x e s .  I t  i s  n o t  s u r p r i s i n g  t o  f i n d  t h a t  
c o n t r o l  o f  t h e s e  m ovem ents  i s  n o t  a s i m p l e  c o n t r a c t i o n  b u t  a 
c o m p l i c a t e d  i n t e r a c t i o n  among t h e  m u s c l e s .  M u s c l e s  w h ic h  
a r t i c u l a t e  t h e  thum b  c o n s i s t  o f  t h e  f l e x o r  p o l l i c i s  l o n g u s  
(FPL) , t h e  e x t e n s o r  p o l l i c i s  l o n g u s  (EPL) , t h e  e x t e n s o r  p o l ­
l i c i s  b r e v i s  (E P S) , t h e  a b d u c t o r  p o l l i c i s  l o n g u s  (API) ,  t h e  
a b d u c t o r  p o l l i c i s  b r e v i s  (APB) ,  t h e  o p p o n e n s  p o l l i c i s  (OPP) , 
t h e  f l e x o r  p o l l i c i s  b r e v i s  (FPB) , a d d u c t o r  p o l l i c i s  (ADD) , 
a n d  t h e  f i r s t  d o r s a l  i n t e r r o s s e o u s  (F D I ) .  F i g u r e  5 i l l u s ­
t r a t e s  t h e  m u s c l e s  o f  t h e  t h u m b .
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adductor pollicis (ADD)
flexor pollicis 
brevis
opponens
pollicis
extensor pollicis 
brevis (EPS)
extensor pollicis 
longus (EPL)
y
abductor pollicis 
longus (APL)
flexor pollicis 
longus (FPL)
abductor 
pollicis 
brevis (APB)
(a) Do r s  a I v i e w (b)  V o l a r  v i e w
F i g u r e  5; M u s c l e s  of  t he  t h u m b
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The f i r s t  f o u r  m u s c l e s  a r e  e x t r i n s i c .  T h e i r  ana tom i*  
c a l  a n d  f u n c t i o n a l  c h a r a c t e r i s t i c s  a r e  a s  f o l l o w s :
1.  The FPL o r i g i n a t e s  f r o m  t h e  a n t e r i o r  s u r f a c e  o f  
m i d d l e  t h i r d  o f  t h e  r a d i u s .  I t  i n s e r t s  i n t o  t h e  
t e r m i n a l  p h a l a n x  o f  t h e  thum b .  I t  f l e x e s  t h e  thumb 
by i n n e r v a t i o n  f rom  b r a n c h e s  o f  t h e  m e d ia n  n e r v e .
2.  The EPL h a s  i t s  o r i g i n  on t h e  d o r s a l  s u r f a c e  o f  
t h e  u l n a  a n d  a t t a c h e s  t o  t h e  b a s e  o f  t h e  t e r m i n a l  
p h a l a n x  o f  t h e  th u m b .  I t  r e c e i v e s  i t s  i n n e r v a t i o n  
f r o m  a b r a n c h  o f  t h e  r a d i a l  n e r v e  a n d  i s  r e s p o n s i ­
b l e  f o r  e x t e n s i o n  o f  t h e  t e r m i n a l  p h a l a n x  o f  t h e  
thumb a n d  f o r  r a d i a l  d e v i a t i o n  o f  t h e  h a n d ,
3 .  The EPB o r i g i n a t e s  on t h e  d o r s a l  s u r f a c e  o f  t h e
r a d i u s .  I t  i n s e r t s  i n t o  t h e  b a s e  o f  t h e  f i r s t  p h a ­
l a n x  o f  t h e  t h u m b ,  a n d  i s  i n n e r v a t e d  by a  b r a n c h
o f  t h e  r a d i a l  n e r v e .  I t  e x t e n d s  t h e  thum b  and  a b ­
d u c t s  t h e  f i r s t  m e t a c a r p a l ,
h .  The  APL o r i g i n a t e s  on t h e  d o r s a l  s u r f a c e  o f  t h e
r a d i u s ,  t h e  u l n a ,  a n d  t h e  i n t e r o s s e o u s  membrane.
I t  i n s e r t s  i n t o  t h e  b a s e  o f  t h e  p r o x i m a l  p h a l a n x  
o f  t h e  th u m b  a n d  i s  i n n e r v a t e d  by a b r a n c h  o f  t h e  
r a d i a l  n e r v e .  I t  a b d u c t s  t h e  thumb a n d  r a d i a l l y  
d e v i a t e s  t h e  h a n d .
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The l a t t e r  f i v e  m u s c l e s  a r e  i n t r i n s i c .  The OPP, APB
an d  FPB a r e  c a l l e d  t h e  t h e n a r  t r i a d .  The FDI h a s  b e e n  d i s ­
c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n .  The  a n a t o m i c a l  and f u n c ­
t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  r e m a i n i n g  f o u r  m u s c l e s  a r e  a s  
f o l l o w s :
1. The  APB o r i g i n a t e s  f rom  t h e  r i d g e  o f  t h e  t r a p e z i u m  
a n d  t r a n s v e r s e  c a r p a l  l i g a m e n t s .  I t  i n s e r t s  i n t o  
t h e  o u t e r  s i d e  o f  t h e  p r o x i m a l  p h a l a n x  o f  t h e  
th u m b .  T h i s  m u s c l e  f u n c t i o n s  a s  t h e  a b d u c t o r  o f  
t h e  thum b  by i n n e r v a t i o n  from a  b r a n c h  o f  t h e  me­
d i a n  n e r v e .
2 .  The ADD i s  made up o f  tw o  h e a d s .  The o r i g i n  o f  t h e
t r a n s v e r s e  h e a d  i s  t h e  3 r d  m e t a c a r p a l  bone  a n d  h a s
i n s e r t i o n  a t  t h e  i n n e r  s i d e  o f  t h e  p r o x i m a l  p h a ­
l a n x  o f  t h e  th u m b .  The o r i g i n  o f  t h e  o b l i q u e  h e a d  
i s  t h e  s e c o n d  m e t a c a r p a l ,  t r a p e z o i d ,  a n d  c a p i t a t e .
I t  r e c e i v e s  t h e  u l n a r  i n n e r v a t i o n  a n d  a d d u c t s  t h e  
th u m b .
3 .  The FPB o r i g i n a t e s  f rom  t h e  t r a n s v e r s e  c a r p a l  l i g ­
a m e n t ,  t h e  t r a p e z i u m  and  s c a p h o i d ,  a n d  h a s  i n s e r ­
t i o n  i n t o  t h e  p r o x i m a l  p h a l a n x  o f  t h e  th u m b .  I t  i s  
i n n e r v a t e d  by  a b r a n c h  o f  t h e  m e d ia n  n e r v e  a n d  
r a r e l y  by a  b r a n c h  o f  u l n a r  n e r v e  a n d  i s  r e s p o n s i ­
b l e  f o r  f l e x i n g  t h e  p r o x i m a l  p h a l a n x  o f  t h e  th u m b .
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4 .  The OPP o r i g i n a t e s  a t  t h e  t r a p e z i u m  a n d  t h e  t r a n ­
s v e r s e  c a r p a l  l i g a m e n t .  I t  i n s e r t s  i n t o  t h e  1 s t  
m e t a c a r p a l  b o n e .  I t  i s  s t i m u l a t e d  by t h e  m e d ia n  
n e r v e  a n d  i s  r e s p o n s i b l e  f o r  f l e x i o n ,  a d d u c t i o n  
a n d  o p p o s i t i o n  o f  t h e  th u m b .
U n l i k e  t h e  f i n g e r s ,  t h e  thumb h a s  a u n i q u e  a r t i c u l a ­
t i o n  b e c a u s e  o f  i t s  o p p o s i t i o n  t o  t h e  o t h e r  f i n g e r s  a s  w e l l  
a s  i t s  f l e x i o n ,  e x t e n s i o n ,  a b d u c t i o n  a n d  a d d u c t i o n .  The o p ­
p o s i t i o n  o f  t h e  thum b i n v o l v e s  c o m p l e x  movement a s  f o l l o w s :  
(a) t h e  e n t i r e  thum b  a s  a u n i t  i s  a b d u c t e d  f rom  t h e  i n d e x  
m e t a c a r p a l  j o i n t  w i t h  t h e  thumb MP j o i n t  r e m a i n i n g  i n  a n e u ­
t r a l  p o s i t i o n  and t h e  d i s t a l  j o i n t  e x t e n d e d ;  (b) g r a d u a l l y  
t h e  e n t i r e  thum b r o t a t e s  so  t h a t  i t s  v o l a r  s u r f a c e  i s  t u r n e d  
t o  f a c e  t h e  v o l a r  s u r f a c e  o f  t h e  i n d e x ;  (c ) when t h e  f i n a l  
r o t a t i o n  i s  r e a c h e d ,  a b d u c t i o n  o c c u r s  a t  t h e  MP j o i n t  a n d  
t h e  d i s t a l  p h a l a n x  o f  t h e  thum b  b e c o m e s  more  e x t e n d e d .  Oppo­
s i t i o n  i s  p o s s i b l e  b e c a u s e  o f  t h e  r o t a t i o n a l  movement o f  
t h e  MP b a s e  on t h e  t r a p e z i u m  due t o  t h e  c o n f i g u r a t i o n  o f  
t h e  CM j o i n t  a n d  t h e  a r r a n g e m e n t s  o f  t h e  t h e n a r  m u s c l e s  and  
l i g a m e n t s .  The o p p o s i t i o n  i s  e n h a n c e d  by  a b d u c t i o n  o f  t h e  
p r o x i m a l  p h a l a n x  a t  t h e  MP j o i n t  by t h e  APB. T h i s  e x p l a n a ­
t i o n  i s  s u p p o r t e d  by  e v i d e n c e  t h a t  t o t a l  e l i m i n a t i o n  o f  
movement a t  t h e  HP j o i n t  d o e s  n o t  i n t e r f e r e  w i t h  o p p o s i t i o n  
o f  t h e  t h u m b .  On t h e  o t h e r  h a n d ,  f u s i o n  o f  t h e  m e t a c a r p o -  
t r a p e z i a l  j o i n t  e l i m i n a t e s  o p p o s i t i o n  i n  t h e  p r e s e n s e  o f  a 
n o r m a l  MP j o i n t  ( K a p l a n ,  1 9 6 6 ) ,
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Movement p a t t e r n s  o f  t h e  thum b  h a v e  b e e n  s t u d i e d  
e x t e n s i v e l y  ( M c F a r l a n e ,  19 6 2 ;  H e a t h e r s b y  e t  a l . ,  1963;  F o r ­
r e s t  an d  B a s m a j i a n ,  196 5 ;  C l o s e  e t  a l . ,  1 9 6 9 ;  H i r s c h  e t  a l . ,  
1974 ;  a n d  L a n d s m e e r ,  1 9 7 6 ) ,  A r t i c u l a t i o n  o f  t h e  thum b i s  a 
c o m p l i c a t e d  i n t e r a c t i o n  among m u s c l e s .  F o r  e x a m p l e ,  t h e r e  
a r e  f i v e  m u s c l e s  a c t i v e  i n  t h e  f l e x i o n  o f  o n l y  t h e  IP  j o i n t  
o f  t h e  t h u m b .  H ow ever ,  t h e  f o l l o w i n g  d e s c r i p t i o n  w i l l  be  
l i m i t e d  t o  a  m a j o r  p a r t i c i p a n t  i n  a c e r t a i n  t y p e  o f  thum b 
a r t i c u l a t i o n .  A b d u c t i o n  a t  t h e  MP j o i n t  i s  e s s e n t i a l  f o r  
o p p o s i t i o n  o f  t h e  th u m b .  B e c a u s e  t h e  OPP a c t s  o n l y  upon t h e  
MP j o i n t ,  t h e  i m p o r t a n t  m u s c l e s  a c t i n g  i n  f u l l  o p p o s i t i o n  
a r e  t h e  APB, a n d  FPB. The  ADD a p p e a r s  t o  b e  a c t i v e  i n  f l e x ­
i o n  o f  t h e  MP j o i n t  a n d  i n  a l l  m o t i o n s  i n  w h i c h  t h e  m e t a c a r ­
p a l  a p p r o a c h e s  t h e  i n d e x  no  m a t t e r  where  t h e  p o i n t  o f  l o c a ­
t i o n .  H o w ev e r ,  t h e r e  i s  j u s t i f i c a t i o n  f o r  c o n s i d e r i n g  
s e p a r a t e l y  t h e  t r a n s v e r s e  head  o f  t h e  ADD f r o m  t h a t  o f  t h e  
o b l i q u e  h e a d  a n d  o t h e r  i n t r i n s i c s .  The t r a n s v e r s e  h e a d  o f  
t h e  ADD i s  a t t a c h e d  a t  a r i g h t  a n g l e  t o  t h e  l o n g i t u d i n a l  
a x i s  o f  t h e  thum b  w h i l e  o t h e r  t h e n a r  m u s c l e s  a r e  d i r e c t l y  
p a r a l l e l  t o  t h e  a x i s .  The i m p o r t a n t  r o l e  o f  t h e  t r a n s v e r s e  
h e a d  o f  t h e  ADD i s  t o  a d d  p o w e r  t o  t h e  a c t i o n s  o f  p i n c h i n g  
a n d  g r a s p i n g  w h i l e  o t h e r  i n t r i n s i c s  p o s i t i o n  t h e  t h u m b .
The  APB s t a b i l i z e s  t h e  MP j o i n t  i n  a b d u c t i o n  a n d  
f l e x i o n ,  r o t a t e s  t h e  thumb m e d i a l l y ,  and  e x t e n d s  t h e  d i s t a l  
j o i n t .  The FPB and  OPP b e h a v e  i n  t h e  same m a n n e r  a s  t h e  APB. 
I n d e e d ,  t h e  t h e n a r  t r i a d  i s  f o u n d  t o  be e x t r e m e l y  a c t i v e  i n  
b o t h  p a d - t o - p a d  a n d  t i p - t o - t i p  o p p o s i t i o n s .  T h ey  a r e  a l s o
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a c t i v e  i n  a  t r a n s l a t i o n  movement  aw ay  f ro m  t h e  palm  i f  t h e  
thumb i s  moving a g a i n s t  an  e x t e r n a l  l o a d .  H o w ev e r ,  t h e  FPB 
d r o p s  o u t  f rom  t h e  t r i a d  ( L a n d s m e e r ,  1976) o r  shows  v e r y  
s l i g h t  a c t i v i t y  ( F o r r e s t  a n d  B a s m a j i a n ,  1965) when t h e  thum b 
i s  u n l o a d e d .  D u r i n g  f u l l  f l e x i o n  ( i . e . ,  I P  and  MP j o i n t  
f l e x i o n  a s  w e l l  a s  CM j o i n t  f l e x i o n )  i n  t h e  p l a n e  p a r a l l e l  
t o  t h a t  o f  t h e  p a l m ,  t h e  FPB i s  h i g h l y  a c t i v e  b u t  t h e  OPP i s  
o n l y  s l i g h t l y  a c t i v e  a n d  t h e  APB i s  s i l e n t .
The  FPL i s  o n l y  a c t i v e  when t h e  I P  j o i n t  i s  f l e x e d  a s  
i n  m ak ing  an " 0 "  w i t h  t h e  i n d e x  a n d  t h e  t h u m b ,  o r  s i m p l y  
f l e x i n g  t h e  IP  j o i n t .  The EPL i s  a c t i v e  when t h e  HP j o i n t  i s  
e x t e n d i n g  o r  k e p t  e x t e n d e d  a n d  t h e  IP  j o i n t  i s  e i t h e r  f l e x e d  
o r  e x t e n d e d .  The  EPB i s  a c t i v e  when t h e  I P  j o i n t  i s  f l e x e d  
a n d  t h e  MP j o i n t  i s  e x t e n d e d .  H o w ev e r ,  i t  i s  n o t  a c t i v e  when 
t h e  I P  j o i n t  i s  e x t e n d e d .  The API i s  a c t i v e  when t h e  a b d u c ­
t i o n  a n d  e x t e n s i o n  i n v o l v e  t h e  e n t i r e  thum b a n d  t h e  HP j o i n t  
i s  f l e x e d .
As m e n t i o n e d  p r e v i o u s l y  f o r  t h e  i n d e x  f i n g e r ,  u n ­
l o a d e d  m o t i o n  t o w a r d  t h e  pa lm  i s  p u r e l y  e x t r i n s i c  and move­
m ent  t o w a r d  t h e  p a lm  w i t h  l o a d  e v o k e s  a c t i v i t y  o f  t h e  t h e n a r  
t r i a d .
2 . 5  m iO D O tO G IC A L  2EVIEW AND STATE OF THE APT
A natom y,  p h y s i o l o g y ,  k i n e s i o l o g y ,  b i o m e c h a n i c s ,  a n d  
b i o c h e m i s t r y  f o r m  t h e  f r a m e  o f  r e f e r e n c e  w i t h i n  w h ich  t h e  
p h en o m en a  o f  human p h y s i c a l  a c t i v i t y  a r e  i n t e r p r e t e d  and
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e v a l u a t e d .  B e c a u s e  o f  t h e  d i v e r s e  n a t u r e  o f  h u m a n s ,  c r i t e ­
r i a  f o r  e v a l u a t i n g  p e r f o r m a n c e  a r e  v e r y  b r o a d  and  i n t e r d i s ­
c i p l i n a r y .  The s e l e c t i o n  o f  a n  a p p r o p r i a t e  m e t h o d o l o g y  i s  
e s s e n t i a l  f o r  an y  s t u d y  t o  be  m e a n i n g f u l ,  e f f i c i e n t ,  and  
e c o n o m i c a l l y  j u s t i f i e d .
Some c r i t e r i a  w h ich  h a v e  commonly b e e n  u sed  t o  e v a l u ­
a t e  human a c t i v i t y  a r e  s t r e n g t h ,  e n d u r a n c e ,  s p e e d ,  b a l a n c e ,  
c o o r d i n a t i o n ,  a g i l i t y ,  f l e x i b i l i t y ,  and  b o d y  t y p e  (Hun- 
s i c k e r ,  1 9 7 4 ) .  S e v e r a l  p h y s i o l o g i c a l  f a c t o r s  h a v e  b e e n  u s e d  
a s  c r i t e r i a ;  f o r  e x a m p l e ,  h e a r t  r a t e ,  b l o o d  p r e s s u r e ,  c a r ­
d i a c  o u t p u t ,  p u l m o n a r y  v e n t i l a t i o n  a n d  o x y g e n  i n t a k e .  How­
e v e r ,  m e a s u r a b l e  c h a n g e s  i n  t h e s e  p h y s i o l o g i c a l  i n d i c e s  r e ­
q u i r e  e i t h e r  t h e  e x e r c i s e  o f  r e l a t i v e l y  l a r g e  m u s c l e s  o r  
c a r e f u l  c o n t r o l  t o  m i n i m i z e  p s y c h o l o g i c a l  e f f e c t s  when p e r ­
f o r m i n g  v e r y  l i g h t  work  u s i n g  s m a l l  m u s c l e s .
I n  t h e  e v a l u a t i o n  o f  t h e  p e r f o r m a n c e  o f  s m a l l e r  mus­
c l e s ,  a more  s e l e c t i v e  m e th o d  i s  e m p l o y e d .  S t r e n g t h  mea­
s u r e m e n t ,  f o r  e x a m p l e ,  h a s  f r e q u e n t l y  b e e n  u s e d  i n  
h a n d / f i n g e r  s t u d i e s  ( B e c h t o l ,  1 9 5 2 ;  N e m e t h i ,  1952 ;  L a n d s ­
m e e r ,  1962 ;  T oew s ,  1964 ;  M u n d a le ,  1970; S c h m i d t ,  1 9 7 0 ) .  
M u s c u l a r  e n d u r a n c e ,  b i o m e c h a n i c s ,  a n d  e l e c t r o m y o g r a p h y  (EHG) 
h a v e  a l s o  b e e n  u s e d .  Some o f  t h e s e  a r e  r e l e v a n t  t o  p r o v i d e  
t h i s  s t u d y  w i t h  m e t h o d o l o g i c a l  b a c k g r o u n d  a n d  w i l l  be r e ­
v i e w e d  b e l o w .
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2 . 5 . 1  M u s c u l a r  S t r e n g t h
M u sc le  s t r e n g t h  i s  u s e d  a s  a  c r i t e r i o n  i n  many human 
p e r f o r m a n c e  s t u d i e s .  T h e r e  a r e  b a s i c a l l y  two t y p e s  o f  
s t r e n g t h ;
1. S t a t i c  s t r e n g t h  i s  m a n i f e s t e d  by a m u s c l e  t h a t  
c o n t r a c t s  w i t h o u t  c h a n g i n g  i t s  l e n g t h .
2 .  D ynam ic  s t r e n g t h  i s  a s s o c i a t e d  w i t h  a l l  m u s c l e  
c o n t r a c t i o n s  i n  w h ic h  t h e  l e n g t h  o f  t h e  m u s c l e  
c h a n g e s .
Dynamic  work  i s  f u r t h e r  d i v i d e d  i n t o  two c l a s s e s ;  (a) p o s i ­
t i v e  work ( c o n c e n t r i c  c o n t r a c t i o n )  and (b) n e g a t i v e  work 
( e c c e n t r i c  c o n t r a c t i o n ) .  A m u s c l e  t h a t  s h o r t e n s  d u r i n g  c o n ­
t r a c t i o n  p e r f o r m s  p o s i t i v e  w ork ;  a m u s c l e  t h a t  l e n g t h e n s  
p e r f o r m s  n e g a t i v e  w o rk ,  s t a t i c  work i s  m e a s u r e d  w i t h  a d e v ­
i c e  t h a t  p r o v i d e s  a n  u n l i m i t e d  c o u n t e r f o r c e ,  u s i n g  a d y n a ­
m o m e te r  w i t h  a  s t r a i n  g a g e ,  s p r i n g ,  o r  h y d r a u l i c  c y l i n d e r .  
T h i s  a l l o w s  t h e  d e t e r m i n a t i o n  o f  t h e  maximum i s o m e t r i c  o r  
i s o t o n i c  t e n s i o n  w h i c h  c a n  be m a i n t a i n e d  f o r  o n l y  a few s e c ­
o n d s .  A m a j o r  d i s a d v a n t a g e  o f  t h i s  m e a s u r e m e n t  i s  t h a t  i t  
i s  d e p e n d e n t  on  t h e  s u b j e c t ' s  v o l u n t a r y  e f f o r t .  H o w e v e r ,  
t h e  a d v a n t a g e  o f  t h i s  p r o c e d u r e  i s  t h a t  d i f f e r e n t  i n d i v i d u ­
a l s  a n d  d i f f e r e n t  m u s c l e  g r o u p s  c a n  b e  c o m p a r e d  a t  a  p h y s i o ­
l o g i c a l l y  i d e n t i c a l  l e v e l  o f  e f f o r t  (S im o n so n  and  L i n d ,  
1 9 7 1 ) ,  T h e r e f o r e ,  i t  a p p e a r s  t o  be  a p p r o p r i a t e  f o r  a s t u d y  
which  c o m p a r e s  i n d e x  p e r f o r m a n c e  w i th  th u m b  p e r f o r m a n c e
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p r o v i d e d  t h e r e  i s  c a r e f u l  c o n t r o l  o f  t h e  v a r i a t i o n  i n
v o l u n t a r y  e f f o r t .
Thumb s t r e n g t h  h a s  b e e n  i n v e s t i g a t e d  by  s e v e r a l  r e ­
s e a r c h e r s .  Kroemer  a n d  G i e n a p p  (1970  ) t e s t e d  t h e  thumb
s t r e n g t h  a s  a  f u n c t i o n  o f  t h e  f l e x i o n  a n g l e  o f  t h e  IP j o i n t  
w i t h  t h e  MP j o i n t  h e l d  e x t e n d e d  i n  t h e  p l a n e  p a r a l l e l  t o  t h e  
p a lm .  They  f o u n d  t h a t  t h e  f o r c e s  e x e r t e d  by t h e  thumb a t  
z e r o  d e g r e e s  ( u p r i g h t )  and  30 d e g r e e s  were n o t  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  e a c h  o t h e r ,  l i k e w i s e ,  t h e  f o r c e s  a t  60 d e ­
g r e e s  a n d  90 d e g r e e s  w e re  t h e  s a m e .  H ow ever ,  t h e r e  was a
t r e n d  o f  i n c r e a s e d  f o r c e  w i t h  i n c r e a s e d  f l e x i o n  a n g l e  o f  t h e  
I P  j o i n t .  Thumb s t r e n g t h  a t  t h e  u p r i g h t  p o s i t i o n  i s  a l s o  
r e p o r t e d  by H i r s c h  a n d  a s s o c i a t e s  ( 1 9 7 4 ) .
O t h e r  d a t a  f o u n d  i n  t h e  l i t e r a t u r e  a r e  n o t  d i r e c t  
m e a s u r e s  o f  thumb s t r e n g t h .  M e a s u r e m e n t s  o f  p i n c h i n g  a c ­
t i o n s  i n v o l v e  o t h e r  f i n g e r  s t r e n g t h s  w i th  t h e  i n d e x  o r  o t h e r  
f i n g e r s  w o r k in g  a g a i n s t  t h e  th u m b .  I n  t h e  l a t e r a l  p i n c h ,
f o r  e x a m p l e ,  t h e  p u l p  o f  t h e  thumb i s  l o c a t e d  a t  t h e  l a t e r a l
a s p e c t  o f  t h e  i n d e x  f i n g e r  which  i s  a s s i s t e d  by  t h e  a l i g n e d  
m i d d l e ,  r i n g ,  and  l i t t l e  f i n g e r s .  I n  t h i s  m e a s u r e m e n t ,  t h e  
r e a d i n g  r e p r e s e n t s  t h e  s t r e n g t h  o f  t h e  th u m b  o r  t h e  i n d e x  
w h i c h e v e r  i s  w e a k e r .  P r e s e n t  k n o w le d g e  d o e s  n o t  p e r m i t  
f u r t h e r  a n a l y s i s  i n  i d e n t i f y i n g  t h e  s o u r c e  o f  t h e  m e a s u r e d  
f o r c e .  I n s o f a r  a s  t h e  thumb p o s i t i o n  i s  c o n c e r n e d ,  t h e  l a ­
t e r a l  p i n c h  may be  i n t e r p r e t e d  a s  thum b  f o r c e  e x e r t i o n  w i t h  
a 30 d e g r e e  f l e x i o n  a n g l e  o f  t h e  IP  j o i n t  a n d  t h e  HP j o i n t  
e x t e n d e d  i n  t h e  p l a n e  p a r a l l e l  t o  t h e  p a lm .  T a b l e  1 show s
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some s t r e n g t h  d a t a ,  m e a s u r e d  a t  maximum v o l u n t a r y  
c o n t r a c t i o n  (HVC) l e v e l s ,  c o m p i l e d  f rom  B a r t e r  a n d  a s s o c i ­
a t e s  ( 1 9 5 7 ,  c i t e d  i n  H e r t z b e r g , 1 9 7 2 ) ,  H i r s c h  a n d  a s s o c i a t e s  
( 1 9 7 4 ) ,  K roem er  a n d  G i e n a p p  ( 1 9 7 0 ) ,  a n d  Sw anson  a n d  a s s o c i ­
a t e s  (1970)  .
T a b l e  1
Thumb S t r e n g t h  (kg) a s  a F u n c t i o n  o f  IP  F l e x i o n
f o r c e
IP  f l e x i o n mean SD a u t h o r s
0 d e g r e e s 9 . 4 8 . 23 H i r s c h  e t  a l .
0 d e g r e e s 7 . 2 6 1 . 7 2 B a r t e r  e t  a l .
0 d e g r e e s 8 , 5 9 1 . 8 4 K ro em er  a n d  G i e n a p p
30 d e g r e e s 8 , 5 0 Swanson e t  a l .
30 d e g r e e s 8 . 9 6 1 . 8 9 K roem er  a n d  G i e n a p p
60 d e g r e e s 9 , 9 2 1 . 7 4 K ro em er  a n d  G i e n a p p
90 d e g r e e s 1 0 . 1 0 2 . 1 3 Kroemer  a n d  G ie n a p p
A r e v i e w  o f  t h e  l i t e r a t u r e  r e v e a l e d  a  p a u c i t y  o f  
s t r e n g t h  d a t a  f o r  t h e  i n d e x .  I n f o r m a t i o n  i s  a v a i l a b l e  f r o m  
a s t u d y  o f  e a c h  f i n g e r ' s  c o n t r i b u t i o n  t o  g r i p  s t r e n g t h  p e r ­
f o r m e d  b y  H a z e l t o n  a n d  h i s  a s s o c i a t e s  ( 1 9 7 5 ) .  I n  t h e i r  
s t u d y ,  f i v e  w r i s t  p o s i t i o n s  were  i n v e s t i g a t e d :  n e u t r a l ,  v o ­
l a r  f l e x i o n ,  e x t e n s i o n ,  u l n a r  d e v i a t i o n ,  a n d  r a d i a l  d e v i a ­
t i o n ,  The s t u d y  i n d i c a t e d  t h a t  (a) r e g a r d l e s s  o f  w r i s t  p o s i ­
t i o n ,  t h e  p e r c e n t  o f  t o t a l  f o r c e  a l l o c a t e d  t o  e a c h  f i n g e r  i s  
c o n s t a n t :  i n d e x  2 5 ,4 % ,  m i d d l e  3 3 .9 % ,  r i n g  2 5 .2 % ,  a n d  l i t t l e
f i n g e r  1 5 .2 % ,  (b) t h e  w r i s t  p o s i t i o n  i n  w h i c h  t h e  l e a s t
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f o r c e  i s  g e n e r a t e d  a t  t h e  m i d d l e  a n d  d i s t a l  p h a l a n g e s  i s  
v o l a r  f l e x i o n ,  (c) t h e  w r i s t  p o s i t i o n  i n  w h ic h  t h e  g r e a t e s t  
f o r c e  i s  e x e r t e d  a t  t h e  m i d d l e  and d i s t a l  p h a l a n g e s  i s  u l n a r  
d e v i a t i o n ,  (d) t h e  f o r c e  e x e r t e d  by t h e  d i s t a l  p h a l a n g e s  i s  
a b o u t  32% o f  t h e  f o r c e  d e v e l o p e d  w i t h  t h e  m i d d l e  p h a l a n g e s  
i n  a l l  w r i s t  p o s i t i o n s  e x c e p t  t h e  e x t e n d e d  p o s i t i o n  w h e re  i t  
i s  a b o u t  27%, a n d  (e) t h e  t o t a l  f o r c e  g e n e r a t e d  by t h e  l i t ­
t l e  a n d  r i n g  f i n g e r s  i s  70% o f  t h e  t o t a l  f o r c e  p r o d u c e d  by 
t h e  l o n g  a n d  i n d e x  f i n g e r s .  The s t u d y  r e p o r t e d  t h a t  t h e  
maximum t o t a l  f o r c e s  r e c o r d e d  a t  t h e  m i d d l e  a n d  d i s t a l  p h a ­
l a n g e s  o f  f o u r  f i n g e r s  were  7 2 . 6  a n d  4 9 . 4  k g ,  r e s p e c t i v e l y .  
From t h i s  d a t a ,  t h e  maximum f o r c e  o f  t h e  i n d e x  a t  t h e  m i d ­
d l e  a n d  d i s t a l  p h a l a n g e s  c a n  be  e s t i m a t e d  a s  1 8 . 4  and  1 2 . 5  
k g ,  r e s p e c t i v e l y .
A n o t h e r  i n d e x  s t r e n g t h  m e a s u r e m e n t  was r e p o r t e d  by 
D i c k s o n  and N i c o l l e  ( 1 9 7 2 ) .  F l e x i o n  f o r c e  e x e r t e d  by f u l l y  
e x t e n d e d  f i n g e r s  was  m e a s u r e d  a t  t h e  pad o f  t h e  d i s t a l  p h a ­
l a n x .  The r e s u l t s  show ed  4 . 6 ,  4 . 4 ,  3 . 2 ,  a n d  2 . 8  kg f o r  t h e  
i n d e x ,  m i d d l e ,  r i n g  a n d  l i t t l e  f i n g e r s ,  r e s p e c t i v e l y .  Mea­
s u r e m e n t  i n  s i m i l a r  p o s i t i o n s  were  made by B a r t e r  and a s s o ­
c i a t e s  ( 1 9 5 7 ,  c i t e d  i n  H e r t z b e r g ,  1972)  w i t h  t h e  f o l l o w i n g  
r e s u l t s :  5 . 9 ,  6 . 4 ,  5 . 9 ,  an d  3 . 2  kg f o r  t h e  sam e  f i n g e r
o r d e r .
F u r t h e r  i n f o r m a t i o n  a b o u t  t h u m b  o r  i n d e x  s t r e n g t h  was 
n o t  f o u n d  i n  t h e  l i t e r a t u r e .  T h e r e f o r e ,  i n v e s t i g a t i o n  o f  
t h e  HVC f o r  e a c h  f i n g e r  was c o n s i d e r e d  u s e f u l  a n d  m e a n i n g f u l
1*3
f o r  t h i s  s t u d y  a s  a means o f  e v a l u a t i n g  i n d e x  a n d  thumb p e r ­
f o r m a n c e .
2 . 5 . 2  M u s c g l a r  £ n d u r § n c e
A n o t h e r  method  o f  e v a l u a t i n g  s t a t i c  work  i s  t h r o u g h  
t h e  u s e  o f  l i m i t e d  c o u n t e r f o r c e ,  s u c h  a s  h o l d i n g  a w e i g h t .  
H o l d i n g  a w e i g h t  i s  so m ew h a t  l e s s  d e p e n d e n t  on  m o t i v a t i o n  
b e c a u s e  i t  e l i m i n a t e s  one o f  tw o  s o u r c e s  o f  v o l u n t a r y  c o o p ­
e r a t i o n ,  i . e . ,  t h e  d e t e r m i n a t i o n  o f  maximum v o l u n t a r y  e f f o r t  
(S im o n so n  a n d  L i n d ,  1 9 7 1 ) .  T h e r e f o r e ,  o n l y  e n d u r a n c e  a t  some 
f r a c t i o n s  o f  t h e  HVC i s  m e a s u r e d .  The  t e r m  e n d u r a n c e  i s  o f ­
t e n  u s e d  f o r  p r o l o n g e d  work  b u t  i t  c a n  a l s o  a p p l y  t o  work  
n e a r  maximum e x e r t i o n  f o r  a v e r y  s h o r t  d u r a t i o n .  Hence  e n ­
d u r a n c e  can  be d e s c r i b e d  a s  a n e g a t i v e  e x p o n e n t i a l  f u n c t i o n  
o f  t h e  l e v e l  o f  e f f o r t  and  i t  r a n g e s  from s e v e r a l  s e c o n d s  t o  
s e v e r a l  h o u r s .  B o h m e r t  ( 1 9 6 5 ,  c i t e d  i n  S im o n so n  and L i n d ,  
1 9 7 1 ;  and  c i t e d  i n  A s t r a n d  a n d  R o d a h l ,  1977;  B o h m e r t ,  1973) 
i n v e s t i g a t e d  t h e  c o u r s e  o f  i s o m e t r i c  f a t i g u e — a d e c r e m e n t  i n  
t h e  a m o u n t  o f  m u s c u l a r  t e n s i o n  a s  a c o n s e q u e n c e  o f  p r i o r  a c ­
t i v i t y — o v e r  s e v e r a l  m u s c l e  g r o u p s  o f  d i v e r s e  f u n c t i o n  a n d  
s t r e n g t h  l e v e l s .  He r e p o r t e d  t h a t  t h e  p a t t e r n  o f  f a t i g u e  
a p p e a r e d  q u i t e  c o n s i s t e n t  a c r o s s  m u s c l e  g r o u p s  a n d  i n d i v i d u ­
a l s  when b a s e d  o n  a  f r a c t i o n  o f  t h e  HVC ( r e l a t i v e  e n d u ­
r a n c e )  . E n d u r a n c e  r a n g e d  f r o m  s e v e r a l  s e c o n d s  a t  o r  n e a r  
t h e  HVC t o  s e v e r a l  h o u r s  a t  o r  n e a r  15% o f  t h e  HVC. C l a r k e  
a n d  G e n t r y  (1971)  c o n f i r m e d  t h a t  t h i s  h o l d s  t r u e  u s i n g  e l -  
b o w - f l e x i o n  a n d  h a n d g r i p  m u s c l e  g r o u p s .
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H o w ev e r ,  t h e  p a t t e r n s  o f  i s o t o n i c  and r h y t h m i c  
i s o m e t r i c  e x e r t i o n  a p p e a r  t o  b e  q u i t e  d i s s i m i l a r  b e t w e e n  
m u s c l e  g r o u p s .  The  r a t e  o f  f a t i g u e  f o r  t h e  e l b o w  f l e x o r s  i n  
i s o t o n i c  e x e r c i s e  was a p p r o x i m a t e l y  43% f a s t e r  t h a n  f o r  t h e  
h a n d  g r i p  f l e x o r s  ( C l a r k e  a n d  G e n t r y ,  1971) . The  f a t i g u e  
r a t e  f o r  t h e  s u p i n a t o r  o f  t h e  f o r e a r m  i n  d y n a m ic  work was 
f a s t e r  t h a n  t h a t  f o r  t h e  p r o n a t o r  o f  t h e  f o r e a r m  ( D r o s i n ,  
1 9 7 7 ) ,  A l s o ,  t h e  f a t i g u e  r a t e  f o r  t h e  k n e e  e x t e n s o r s  i n  
r h y t h m i c  i s o m e t r i c  e x e r c i s e  was s l o w e r  a t  t h e  o n s e t  o f  e x e r ­
c i s e  b u t  became much s t e e p e r  t h e r e a f t e r  t h a n  f o r  t h e  e lb o w  
f l e x o r s  (Ordway e t  a l . ,  1 9 7 7 ) ,  A n o t h e r  common f i n d i n g  by 
t h e s e  a u t h o r s  was t h a t  t h e  m u s c l e  g r o u p s  w h i c h  had  a h i g h e r  
i n i t i a l  s t r e n g t h  t h a n  o t h e r s  a l s o  h a d  a  f a s t e r  f a t i g u e  r a t e .  
A s i m i l a r  p a t t e r n  o f  e n d u r a n c e  f o r  s u b j e c t s  was r e p o r t e d  by  
M un d a le  ( 1 9 7 0 ) .  W eaker  s u b j e c t s  c o u l d  m a i n t a i n  a  h i g h e r  
p r o p o r t i o n  o f  t h e i r  m ax im al  s t r e n g t h  d u r i n g  r e p e t i t i v e  i s o ­
m e t r i c  c o n t r a c t i o n s  o f  t h e  hand  g r i p  t h a n  i n d i v i d u a l s  w i t h  
s u p e r i o r  s t r e n g t h .
s i n c e  b o t h  t y p e s  o f  f i n g e r  u s a g e  w e re  f o u n d  i n  v a r i ­
o u s  p o w e r  t o o l  o p e r a t i o n s  a n d  e n d u r a n c e  d a t a  f o r  t h e  i n d e x  
a n d  t h e  th u m b  w as  n o t  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  b o t h  
t y p e s  o f  m u s c u l a r  e n d u r a n c e  f o r  t h e  i n d e x  a n d  thum b were  i n ­
v e s t i g a t e d .
as
2 , 5 , 3  Ot h e r  T e c h n i q u e s
The e l e c t r o m y o g r a p h  (EMG) i s  a  t e c h n i q u e  f r e q u e n t l y  
u s e d  by r e s e a r c h e r s  b e c a u s e  i t  c a n  t r a c e  o u t  t h e  e l e c t r i c a l  
a c t i v i t y  o f  m u s c l e s  d u r i n g  v a r i o u s  p a t t e r n s  and  t y p e s  o f  
m o v e m e n ts .  The m u s c u l a r  a c t i v i t y  may be  q u a n t i f i e d  by mea­
s u r e m e n t  o f  t h e  p e a k - t o - p e a k  a m p l i t u d e ,  o r  by a v e r a g i n g  t h e  
a m p l i t u d e  ( r o o t  mean s q u a r e )  , T h e s e  m e a s u r e s  c a n  be u s e d  
when g r e a t  s e n s i t i v i t y  i s  n o t  r e q u i r e d  ( K h a l i l  a n d  O t e r o ,  
1 9 7 3 ) ,  Such a p p l i c a t i o n  h a s  b e e n  u s e d  i n  t h e  s t u d y  o f  mus­
c l e  p a r t i c i p a t i o n  i n  v a r i o u s  t y p e s  o f  f i n g e r  m ovem ents  
(L ong ,  1 9 6 4 ;  L a n d s m e e r  an d  Long ,  1 9 5 5 ;  B o i v i n  e t  a l , ,  1 9 6 9 ;  
Long e t  a l , ,  1 9 7 0 ) .
A n o t h e r  m e thod  o f  EMG q u a n t i f i c a t i o n  i s  t h e  u s e  o f  
f r e q u e n c y  i n  t e r m s  o f  t h e  num ber  o f  p e a k ,  z e r o  c r o s s i n g s ,  o r  
r e v e r s a l s  o f  p o t e n t i a l ,  A l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  
f r e q u e n c y  and  m u s c l e  t e n s i o n  h a s  b e e n  o b s e r v e d  i n  i s o m e t r i c  
c o n t r a c t i o n s .  H o w e v e r ,  a l e v e l i n g  o f f  i s  a l s o  o b s e r v e d  a s  
t h e  l o a d  i n c r e a s e s  when i s o t o n i c  c o n t r a c t i o n s  a r e  p e r f o r m e d  
( K h a l i l  a n d  O t e r o ,  1 9 7 3 ) ,  One d i s a d v a n t a g e  w h ic h  i s  f r e ­
q u e n t l y  o v e r l o o k e d  i s  t h a t  t h e  EMG c a n n o t  d e f i n e  w h e t h e r  a 
m u s c l e  i s  s h o r t e n i n g  o r  l e n g t h e n i n g .  F u r t h e r m o r e ,  i t  i s  e s ­
s e n t i a l  t o  r e a l i z e  t h a t  a n  a b s e n c e  o f  m u s c u l a r  a c t i v i t y  i n ­
d i c a t e d  b y  t h e  EMG d o e s  n o t  n e c e s s a r i l y  mean t h a t  t h e  m u s c l e  
h a s  no e f f e c t  o n  t h e  p a t t e r n  o f  f i n g e r  m ovem ent  (L an d sm e e r  
a n d  L o n g ,  1 9 6 5 ) ,  A l s o ,  i n c r e a s e d  EMG a c t i v i t y  d o e s  n o t  n e ­
c e s s a r i l y  mean t h a t  t h e  f o r c e  e x e r t e d  by t h e  m u s c l e s  i n ­
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c r e a s e s  i n  p r o p o r t i o n  t o  t h e  EMG i n c r e a s e  ( B i g l a n d - R i t c h i e  
e t  a l . ,  1 9 7 5 ;  M e r t o n ,  1 9 5 4 ) .
D e s p i t e  t h e s e  d i s a d v a n t a g e s ,  t h e  EMG h a s  c o n t r i b u t e d  
t o  v a r i o u s  n e u r o m u s c u l a r  s t u d i e s ,  e s p e c i a l l y  i n  e v a l u a t i n g  
t h e  c o n t r i b u t i o n s  o f  s p e c i f i c  m u s c l e s  t o  d i f f e r e n t  m o t i o n s .  
H o w e v e r ,  i t  s e e m s  t h a t  t h e  EMG i s  n o t  a p p r o p r i a t e  f o r  t h e  
c o m p a r i s o n  o f  i n d e x  a n d  thum b  p e r f o r m a n c e  f o r  t h e  f o l l o w i n g  
r e a s o n s :
1,  The m u s c l e s  w h ic h  a r t i c u l a t e  t h e  i n d e x  a n d  t h e  
th u m b  a r e  d i f f e r e n t  i n  a n a t o m i c a l  (and  t h e r e f o r e  
f u n c t i o n a l )  c h a r a c t e r i s t i c s  a s  w e l l  a s  i n  l o c a ­
t i o n .
2 .  C o m p a r i s o n  o f  t h e  q u a n t i f i e d  EMG s i g n a l s  i s  d i f f i ­
c u l t  due  t o  t h e  l a c k  o f  a  common b a s e  o f  e v a l u a ­
t i o n  f o r  t h e  i n d e x  a n d  t h e  th u m b .  N o te  t h a t  f l e x ­
i o n  o f  t h e  i n d e x  i s  by e x t r i n s i c  m u s c l e s  w h i l e  
f l e x i o n  o f  t h e  thumb i s  b y  i n t r i n s i c  m u s c l e s  when 
w o r k in g  a g a i n s t  a n  e x t e r n a l  f o r c e .
T he  b i o m e c h a n i c a l  a p p r o a c h  h a s  b e e n  u s e d  t o  p r e d i c t  
t h e  f o r c e  p r o d u c e d  by  m u s c l e s  u s i n g  a n t h r o p o m e t r i c  d a t a  a n d  
m u s c u l o s k e l e t a l  s t u c t u r e  i n f o r m a t i o n  a s  m o d e l  i n p u t s .  I t  h a s  
a l s o  b e e n  u s e d  t o  e x p l a i n  t h e  i n t e r n a l  f o r c e  m echan ism  o f  
m u s c l e s  w o r k i n g  a g a i n s t  a n  e x t e r n a l  l o a d .
The i n t e r n a l  f o r c e  m e c h a n i s m ,  e s p e c i a l l y  a t  t h e  MP 
j o i n t  w i t h  a  f i x e d  l o a d  a t  t h e  t i p  o f  t h e  t h u m b ,  h a s  b e e n
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s t u d i e d  by P a g e  a n d  a s s o c i a t e s  (1974) . T h e i r  m o d e l  c o n s i s t s  
o f  an  e x t e r n a l  f o r c e  v e c t o r  a p p l i e d  t o  t h e  t i p  o f  t h e  th u m b  
an d  c o u n t e r a c t i v e  m u s c l e  f o r c e .  I t  y i e l d s  s i x  e q u a t i o n s  w i t h  
t e n  u n k n o w n s .  To s o l v e  t h e s e  e q u a t i o n s ,  some unknow ns  a r e  
c o n s i d e r e d  t o  be  u n a f f e c t e d  i n  t h e  f o r c e  e q u i l i b r i u m  a n d  s e t  
e q u a l  t o  z e r o .  The m ode l  e s t i m a t e s  t h a t  t h e  m u s c l e s  o f  t h e  
MP j o i n t  m u s t  e x e r t  4 5 . 3 6  kg f o r c e  when a 4. 56 kg l o a d  i s  
p l a c e d  n e a r  t h e  e n d  o f  t h e  t h u m b .
H a r r i s  a n d  a s s o c i a t e s  (1966)  i n v e s t i g a t e d  t h e  
s t r e s s - s t r a i n  r a t i o s  o f  t h r e e  m u s c l e s  o f  t h e  u p p e r  e x t r e m i ­
t i e s  b y  a p p l y i n g  t h e  law o f  m e c h a n i c s  t o  c a d a v e r s .  The 
r a t i o s  w e r e  r e p o r t e d  a s  f o l l o w s ;  (a) 11952 k g / s g .  cm f o r  t h e
EDC a n d  (b) 7734  k g / s g .  cm f o r  t h e  FDP and t h e  PDS. A l s o ,  
t h e  r a t i o  f o r  t h e  d i g i t a l  e x t e n s o r  was  60S g r e a t e r  t h a n  f o r  
t h e  d i g i t a l  f l e x o r .
A n o t h e r  e x a m p l e  o f  t h e  b i o m e c h a n i c a l  a p p r o a c h  i s  
f o u n d  i n  t h e  s t u d y  o f  m u s c l e  f u n c t i o n .  As p o i n t e d  o u t  by 
L a n d s m e e r  ( 1 9 5 5 ) ,  t h e  f i n g e r  c a n  t h e o r e t i c a l l y  be  c o n t r o l l e d  
by o n l y  t h e  e x t e n s o r ,  one  f l e x o r ,  a n d  t h e  i n t e r o s s e i .  T h i s  
i n d i c a t e s  t h e  r e d u n d a n c y  o f  t h e  l u m b r i c a l s .  H ow ever ,  t h e  
b i o m e c h a n i c a l  m o d e l  r e v e a l e d  t h a t  t h e  l u m b r i c a l  m u s c l e s  make 
a c o n t r i b u t i o n  t o  f i n g e r  m o t i o n  b y  t h e i r  p a s s i v e  p r o p e r t i e s  
(T hom as ,  1 9 6 5 ,  a n d  Thomas and  a s s o c i a t e s ,  1 9 6 8 ) .
The  f u n c t i o n  o f  t h e  c o l l a t e r a l  l i g a m e n t  a t  t h e  MP 
j o i n t  o f  t h e  m i d d l e  f i n g e r  was b i o m e c h a n i c a l l y  e x p l a i n e d  by 
P a g o w s k i  a n d  P i e r a r s k i  ( 1 9 7 7 ) .  The  m ovem ents  a c t i n g  on  t h e
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IIP j o i n t  a r e  n o t  c o n s t a n t ,  b u t  c h a n g e  w i t h  t h e  a n g l e  o f  
f l e x i o n  due  t o  t h e  f u n c t i o n  o f  t h e  c o l l a t e r a l  l i g a m e n t  an d  
t h e  m o t i o n  o f  t h e  s y n o v i a l  f l u i d .  On t h e  o t h e r  h a n d ,  t h e  
f o r c e  d i s t r i b u t i o n  a t  t h e  j o i n t  h a s  b e e n  e x a m i n e d  by P e n r o d  
a n d  a s s o c i a t e s  ( 1 9 7 4 ) .  They r e p o r t e d  t h a t  movement a t  t h e  
j o i n t  d u r i n g  low l e v e l s  o f  m u s c l e  a c t i v i t y  c o u l d  be r e l a t e d  
t o  t h e  c o n c e p t  o f  r e c i p r o c a l  i n n e r v a t i o n .
B i o m e c h a n i c a l  m o d e l s  o f  f i n g e r  f l e x o r  t e n d o n  d i s ­
p l a c e m e n t s  h a v e  b e e n  d e v e l o p e d  by  s e v e r a l  i n v e s t i g a t o r s  
( L a n d s m e e r ,  1 9 6 0 ;  D e m p s t e r ,  1 961 ;  Thomas,  1 9 6 5 ;  F i s h e r ,  
1969 ;  B r a n d  e t  a l . ,  1975 ;  C hao  e t  a l . ,  1 9 7 6 ;  L a n d s m e e r ,  
1976 ;  A r m s t r o n g  a n d  C h a f f i n ,  1 9 7 8 ) .  The s o l u t i o n s  o f  t h e s e  
m o d e l s  a r e  d e p e n d e n t  on  t h e  m o d e l  i n p u t s  s u c h  a s  t e n d o n  mo­
m ent  a rm s  a n d  t e n d o n  d i s p l a c e m e n t .  T h e s e  d i m e n s i o n s  c a n  n o t  
be m e a s u r e d  d i r e c t l y  i n  i n t a c t  h a n d s .
T h e r m o g r a p h y  h a s  b e e n  u s e d  t o  d e t e c t  t h e  i n t e r n a l  
h e a t  g e n e r a t i o n  f r o m  t h e  s k i n  s u r f a c e .  I n  i n f r a r e d  p h o t o -  
g r a g h y ,  a  p i c t u r e  o f  an o b j e c t  i s  t a k e n  u s i n g  i n f r a r e d  wav­
e l e n g t h s  and  a  f i l t e r  t o  b l o c k  v i s i b l e  l i g h t  w h i l e  i n  t h e r ­
m o g ra p h y  t h e  am o u n t  o f  h e a t  r a d i a t i n g  f r o m  t h e  s u r f a c e  o f  
t h e  s k i n  i s  m e a s u r e d .  G o l l e r  a n d  a s s o c i a t e s  ( 1 9 7 1 ,  c i t e d  i n  
G u r n e y ,  1973) made t h e r m o g r a p h i c  s t u d i e s  i n  d e t e r m i n i n g  t h e  
t h e r m a l  f u n c t i o n  o f  t h e  b o d y  s u r f a c e  s u b j e c t e d  t o  l o c a l i z e d  
p r e s s u r e .  T h e y  f o u n d  a p o s i t i v e  c o r r e l a t i o n  b e t w e e n  t e m p e r a ­
t u r e  v a r i a t i o n  a n d  l o c a l i z e d  p r e s s u r e .  S i n c e  t h e  t h e r m o ­
g r a p h  c a n  d e t e c t  t h e  r a d i a t i o n  o f  s u r f a c e  h e a t ,  i t  c a n  b e  
a p p l i e d  t o  a n y  p h y s i o l o g i c a l  r e s p o n s e s  w h ich  m a n i f e s t
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c h a n g e s  i n  h e a t .  A t y p i c a l  e x a m p l e  i s  m u s c u l a r  a c t i v i t y  i n  
w h ic h  t h e  b l o o d  f l o w  i n c r e a s e s  i n  a c t i v e  m u s c l e s  w h i l e  t h e  
b l o o d  f l o w  r e m a i n s  u n c h a n g e d  i n  r e s t i n g  m u s c l e s  (H umphreys  
a n d  L i n d ,  1 9 6 3 ) .  H o w e v e r ,  i t s  c a p a b i l i t y  o f  h e a t  d e t e c t i o n  
i s  l i m i t e d  t o  s u r f a c e  r a d i a t i o n .  I t  seem s t h a t  a p p l i c a t i o n  
o f  t h e r m o g r a p h y  t o  t h i s  s t u d y  w ou ld  b e  d i f f i c u l t .  By t h e  
s am e  t o k e n  a s  t h e  EMG d e s c r i p t i o n ,  t h e  c o m p a r i s o n  o f  t e m p e r ­
a t u r e  d a t a  b e t w e e n  t h e  i n d e x  a n d  thum b  may be d i f f i c u l t .
2 . 6  DISCUSSION OF VARIABLES
The  l e v e l  o f  p e r f o r m a n c e  i s  a r e s u l t  o f  a n um ber  o f  
i n t e r a c t i n g  f a c t o r s .  T h e s e  f a c t o r s  f a l l  i n t o  t h r e e  c a t e g o ­
r i e s ;  (a )  human,  (b) t a s k  a n d  (c) e n v i r o n m e n t a l .  T a s k  f a c ­
t o r s  i n c l u d e  t y p e  o f  t a s k  ( p h y s i c a l ,  m e n t a l ,  p s y c h o m o t e r ) , 
i t s  c o m p l e x i t y  a n d  d u r a t i o n .  The t a s k  f a c t o r s  r e l a t e d  t o  
t h i s  s t u d y  h a v e  b e e n  d i s c u s s e d  i n  S e c t i o n  2 . 2 .
The p r i m a r y  d e p e n d e n t  v a r i a b l e  o f  t h i s  s t u d y  was 
s t r e n g t h ,  m e a s u r e d  a s  t h e  maximum f o r c e  e x e r t e d  by  a m u s c u ­
l a r  c o n t r a c t i o n .  E n v i r o n m e n t a l  a n d  human f a c t o r s  d i r e c t l y  
a n d  i n d i r e c t l y  a f f e c t  t h e  l e v e l  o f  f i n g e r  p e r f o r m a n c e .  En­
v i r o n m e n t a l  f a c t o r s  i n c l u d e  t e m p e r a t u r e ,  h u m i d i t y ,  a i r  v e l ­
o c i t y ,  h e a t  r a d i a t i o n  a n d  n o i s e  w h i l e  human f a c t o r s  i n c l u d e  
a g e ,  g e n d e r ,  b o d y  b u i l d ,  p h y s i c a l  f i t n e s s ,  m o t i v a t i o n ,  
t r a i n i n g  a n d  n u t r i t i o n .  A l t h o u g h  t h e s e  f a c t o r s  a f f e c t  t h e  
d e p e n d e n t  v a r i a b l e ,  t h i s  s t u d y  was n o t  p r i m a r i l y  i n t e r e s t e d  
i n  t h e  r e l a t i o n s h i p s  b e t w e e n  t h e s e  v a r i a b l e s  a n d  t h e  d e p e n ­
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d e n t  v a r i a b l e .  T h e r e f o r e ,  t h e  human and e n v i r o n m e n t a l  f a c ­
t o r s  were  h e l d  f i x e d  t o  m i n i m i z e  t h e i r  e f f e c t s .
T e m p e r a t u r e  c o n t r o l  i s  e s p e c i a l l y  i m p o r t a n t  f o r  e n ­
d u r a n c e  m e a s u r e m e n t .  Maximum e n d u r a n c e  t i m e s  h a v e  b e e n  o b ­
t a i n e d  f o r  h a n d - g r i p  c o n t r a c t i o n s  w i t h  t h e  f o r e a r m  im m e r s e d  
i n  a w a t e r  b a t h  r a n g i n g  f r o m  14C t o  20C®. The s h o r t e s t  e n ­
d u r a n c e  t i m e  was m e a s u r e d  a t  40C w i t h  and  w i t h o u t  a r t i f i ­
c i a l l y  o c c l u d i n g  b l o o d  f l o w  a n d  r e g a r d l e s s  o f  t h e  f o r c e  b e ­
i n g  e x e r t e d  ( C l a r k e  e t  a l . ,  1 9 5 8 ;  L i n d ,  1 9 5 9 ;  C l a r k e  e t  a l . ,  
1 9 6 6 ;  S im o n so n  a n d  L i n d ,  1 9 7 1 ) .  I t  was p o s t u l a t e d  t h a t  t h e  
r e d u c t i o n  i n  e n d u r a n c e  t i m e  a t  m u s c l e  t e m p e r a t u r e s  a b o v e  
27T& i s  due  t o  a more  r a p i d  a c c u m u l a t i o n  o f  m e t a b o l i t e s  w i t h  
i n c r e a s i n g  m u s c l e  t e m p e r a t u r e .  B e low  18T,  an  i n c r e a s i n g  
num ber  o f  m u s c l e  f i b e r s  become i n o p e r a t i v e  b e c a u s e  o f  i n t e r ­
f e r e n c e  w i t h  n e u r o m u s c u l a r  t r a n s m i s s i o n  (S im o n so n  and L i n d ,  
1971) .
M u s c l e  t e m p e r a t u r e ,  w h ic h  i s  a f f e c t e d  by a m b i e n t  
t e m p e r a t u r e ,  i n f l u e n c e s  t h e  l e v e l  o f  p e r f o r m a n c e .  Montgom­
e r y  a n d  W i l l i a m s  (1977)  i n v e s t i g a t e d  t h e  r e l a t i o n s h i p s  b e t ­
ween  f o r e a r m ,  h a n d ,  a n d  f i n g e r  b l o o d  f l o w s  a n d  a m b i e n t  t e m p ­
e r a t u r e .  w i t h  e x p o s u r e  t o  c o l d  t e m p e r a t u r e s  ( I O C ) ,  p r o x i m a l  
d i g i t  s e g m e n t s  showed  a  h i g h e r  f l o w  r a t e  ( 3 . 9
* T h e  a b b r e v i a t i o n  "C" i s  u s e d  t o  mean t h e  a m b i e n t  t e m p e r a ­
t u r e  i n  d e g r e e s  C e l s i u s .
•T o  f a c i l i t a t e  r e a d i n g ,  t h e  a b b r e v i a t i o n  " T "  i s  u s e d  t o  mean 
t h e  m u s c l e  t e m p e r a t u r e  i n  d e g r e e s  C e l s i u s .
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m l / ( 1  OOml/min) ) t h a n  d i s t a l  s e g m e n t s  ( < 1 . 0 m l ) .  With e x p o ­
s u r e  t o  h i g h  t e m p e r a t u r e s  ( 4 6 C ) ,  t h e  d i s t a l  s e g m e n t s  h ad  a 
h i g h e r  f l o w  r a t e  ( 2 7 , 0 m l ) .
The  r e l a t i o n s h i p  b e t w e e n  b l o o d  f l o w  a n d  e n d u r a n c e  
t i m e  a t  a g i v e n  l e v e l  o f  e x e r t i o n  a n d  t h e  e f f e c t s  o f  b l o o d  
f l o w  o n  m a n u a l  d e x t e r i t y  h a v e  b e e n  s t u d i e d  (Humphreys  a n d  
L i n d ,  1 9 6 3 ;  M o t t r a m ,  197 3 ;  M ot t ram  a n d  L y n c h ,  19 7 3 ;  and  B en -  
s e l  a n d  L o c k h a r t ,  1 9 7 4 ) .  I n  m i l d  c o n t r a c t i o n s  (5 t o  20% o f  
MVC),  t h e  f o r c e  c o u l d  be m a i n t a i n e d  w i t h o u t  f a t i g u e  a n d  
w i t h o u t  a n y  p o s t  e x e r c i s e  i n c r e a s e  i n  b l o o d  f l o w .  More pow­
e r f u l  c o n t r a c t i o n s  p r o d u c e d  b o t h  f a t i g u e  a n d  l a r g e  p o s t  e x ­
e r c i s e  h y p e r e m i a  e v e n  t h o u g h  b l o o d  f l o w  r e a c h e d  a  p l a t e a u  
d u r i n g  e x e r c i s e .  H ow ever ,  a r t i f i c i a l  o c c l u s i o n  o f  b l o o d  
f l o w  a f f e c t e d  e n d u r a n c e  t i m e  g r e a t e r  a t  a t e n s i o n  o f  one  
t h i r d  MVC t h a n  a t  two t h i r d s  MVC ( S t a r t  a n d  H o lm e s ,  196 3 ;  
H um phreys  a n d  L i n d ,  1 9 6 3 ) .  L i k e w i s e ,  i n t r a m u s c u l a r  p r e s s u r e  
d u r i n g  c o n t r a c t i o n  c a n n o t  f u l l y  o c c l u d e  t h e  b l o o d  f l o w  u n t i l  
t h e  t e n s i o n  e x e r t e d  i s  g r e a t e r  t h a n  70% HVC.
The  e f f e c t  o f  t e m p e r a t u r e  on m u s c l e  s t r e n g t h  i s  r e l a ­
t i v e l y  l e s s  p r o n o u n c e d .  I n  t h e  r a n g e  o f  t e m p e r a t u r e s  f r o m  
27T t o  3 9 T ,  HVC r e a d i n g s  w e r e  c o n s t a n t .  H o w e v e r ,  t h e  MVC 
f o r c e  d e c r e a s e d  when t h e  m u s c l e  t e m p e r a t u r e  d e c r e a s e d  b e l o w  
27T ( C l a r k e  e t  a l . ,  1 9 5 8 ;  J o h n s o n  a n d  L e i d s r ,  1 9 7 7 ) .
Among human f a c t o r s ,  t h e  f o l l o w i n g  a r e  f r e q u e n t l y  
s t u d i e d  i n  t h e  a r e a  o f  g r i p  f o r c e :  b o d y  b u i l d  a s  a  h e r e d i ­
t a r y  f a c t o r ,  g r i p  s p a n ,  t r a i n i n g ,  h a n d e d n e s s ,  v a r i a t i o n  d u r -
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i n g  t h e  d a y ,  v a r i a t i o n  f r o m  d ay  t o  d a y ,  a g e ,  g e n d e r ,  
h e i g h t ,  w e i g h t ,  a n d  o t h e r  a n t h r o p o m e t r i c  m e a s u r e m e n t s .  How­
e v e r ,  t h e  c o r r e l a t i o n  o f  g r i p  s t r e n g t h  w i t h  e a c h  i n d i v i d u a l  
f a c t o r  h a s  b e e n  p o o r .  B e c h t o l  (1954)  o b s e r v e d  a  l a c k  o f  c o r ­
r e l a t i o n  b e tw e e n  t h e  f o r e a r m  m u s c u l a t u r e  a n d  g r i p  s t r e n g t h .
The  g r i p  f o r c e  c a n  b e  i n c r e a s e d  b y  t r a i n i n g  s p e c i f i ­
c a l l y  o r i e n t e d  t o w a r d s  g r i p p i n g .  T h i s  was o b s e r v e d  i n  w o rk ­
e r s  who u s e  p l i e r s  o r  who m i l k  cow s  ( B e c h t o l ,  1 9 5 4 ) .  L i k e ­
w i s e ,  a  r e m a r k a b l e  d i f f e r e n c e  was f o u n d  b e t w e e n  o f f i c e  a n d  
s u p e r v i s o r y  w o r k e r s ,  and  s k i l l e d  a n d  s e m i - s k i l l e d  w o r k e r s  
( N e m e t h i ,  1 9 5 2 ) .  I n  c o n t r a s t ,  t h e  t r a i n i n g  e f f e c t  was n o t  
o b s e r v e d  by Toews (1964)  i n  h i s  c a s e  s t u d y  o f  s t e e l  w o r k e r s  
w h ic h  c o m p a r e d  p r e -  a n d  p o s t - e m p l o y m e n t  g r i p  s t r e n g t h s  o v e r  
t h e  y e a r s .  V a r i o u s  j o b s  w e re  c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  
g r i p p i n g  r e q u i r e m e n t s :  (a)  non  u s e  o f  a c t i v e  g r i p ,  (b) u s e
o f  a  m o d e r a t e  g r i p  o f t e n  b u t  s e l d o m  a  maximum g r i p ,  (c) mod­
e r a t e  g r i p  o f t e n  a n d  a  maximum g r i p  o c c a s i o n a l l y  o r  o f t e n .  
I t  was p o i n t e d  o u t  t h a t  t h e  i n d i v i d u a l ' s  g r i p  s t r e n g t h  r e ­
m a i n e d  c o n s t a n t  f o r  many y e a r s .
A l t h o u g h  t h e  s t u d y  by  M ontoye  a n d  F a u l k n e r  (1955)  d i d
n o t  s u p p o r t  t h e  e x i s t e n c e  o f  a n  op t im um  s p a c i n g  o f  two g r i p
h a n d l e s ,  o t h e r  e v i d e n c e  s u b s t a n t i a t e s  t h i s  c l a i m .  A c c o r d i n g  
t o  some r e s e a r c h e r s ,  t h e  maximum f o r c e  may b e  e x e r t e d  a t  a 
d i s t a n c e  o f  3 . 8  t o  5 . 1  c e n t i m e t e r s  (cm) r e g a r d l e s s  o f  t h e  
i n d i v i d u a l ' s  g r i p  s i z e  ( B e c h t o l ,  1 9 5 4 ;  C o t t o n  a n d  B o n n e l ,  
1 9 6 9 ;  C o t t o n  and  J o h n s o n ,  1 9 7 0 ) .  A p u z z l i n g  f i n d i n g  came
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f r o m  t h e  work o f  C o t t o n  a n d  B o n n e l  (1969) a n d  C o t t o n  a n d  
J o h n s o n  ( 1 9 7 0 ) .  T h e s e  r e s e a r c h e r s  i n v e s t i g a t e d  g r i p  
s t r e n g t h  u s i n g  f i v e  g r i p  s p a n s ,  r a n g i n g  f r o m  4 cm t o  9 cm a t
1 . 3  cm i n t e r v a l s .  S u b j e c t  g r i p  s i z e  was m e a s u r e d  a s  t h e  
d i s t a n c e  b e t w e e n  t h e  t i p  o f  t h e  m i d d l e  f i n g e r  an d  t h e  
f l e s h y  a r e a  b e t w e e n  t h e  i n d e x  and t h e  t h u m b .  A f r e q u e n c y  
d i s t r i b u t i o n  o f  g r i p  s i z e  was u s e d  t o  p l a c e  t h e  s u b j e c t s  
i n t o  t h r e e  g r o u p s :  s m a l l ,  medium a n d  l a r g e .  The f o r m e r
s t u d y  (1969) t e s t e d  c o l l e g e  women w h i l e  t h e  l a t t e r  s t u d y  
(1970)  t e s t e d  c o l l e g e  men. When t h e  r e s u l t s  o f  t h e  s m a l l ,  
medium,  and  l a r g e  g r i p  g r o u p s  i n  t h e  f o r m e r  s t u d y  w e re  com­
p a r e d  w i t h  t h e  c o r r e s p o n d i n g  g r o u p s  i n  t h e  l a t t e r  s t u d y ,  t h e  
r a n k  o r d e r i n g  o f  t h e  g r i p  s p a n  s e t t i n g s  w e r e  s i m i l a r  t o  e a c h  
o t h e r ? .  H o w ev e r ,  f u r t h e r  e x a m i n a t i o n  o f  t h e s e  two  s t u d i e s  
r e v e a l e d  t h a t  t h e  l a r g e  g r i p  c l a s s i f i c a t i o n  o f  t h e  f e m a l e  
g r o u p  ( 1 3 . 7 5  cm t o  1 5 . 0 0  cm) was s i m i l a r  t o  t h e  s m a l l  g r i p  
c l a s s i f i c a t i o n  o f  t h e  male  g r o u p  ( 1 3 . 7 0  cm t o  1 4 . 7 0 c m ) .  Com­
p a r i s o n  o f  g r i p  s t r e n g t h s  b e tw e e n  t h e  l a r g e  f e m a l e  a n d  t h e  
s m a l l  m a le  g r o u p s  i n d i c a t e d  t h a t  t h e  r a n g e  r a n k i n g s  w e r e  
v e r y  i n c o n s i s t e n t .  The  r e s u l t s  a g r e e d  o n l y  f o r  t h e  l a r g e  
g r i p  s p a n  s e t t i n g .  One p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  d i s ­
c r e p a n c y  may be  t h e  d i f f e r e n c e  i n  g e n d e r .  I t  i s  b o t h  c o n ­
c e i v a b l e  a n d  u n d e r s t a n d a b l e  t h a t  t h e r e  i s  a d i f f e r e n c e  i n
?The  r e s u l t s  a r e  a v a i l a b l e  i n  t h e  f o r m  o f  a Duncan m u l t i p l e  
r a n g e  t e s t  i n  C o t t o n  a b d  B o n n e l  (1 9 6 9 )  and  C o t t o n  and J o h n ­
s o n  ( 1 9 7 0 ) .
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a b s o l u t e  s t r e n g t h  b e t w e e n  t h e  two g e n d e r s .  H o w ev e r ,  i t  i s  
p u z z l i n g  t o  n o t e  t h e  d i s s i m i l a r  s e q u e n c e s  i n  t h e  g r i p  s p a n  
f o r  t h e  tw o  g r o u p s .  G e n d e r  d i f f e r e n c e  a l o n e  d o e s  n o t  a d e ­
q u a t e l y  e x p l a i n  o t h e r  e v i d e n c e  s u c h  a s  c o r r e l a t i o n  o f  t h e  
m i d d l e  f i n g e r  l e n g t h ,  and  h a n d  l e n g t h  t o  g r i p  s t r e n g t h  
(B o w e rs ,  1 9 6 1 ) .
H a n d e d n e s s  v s .  s t r e n g t h  a r o u s e  a n o t h e r  c o n t r o v e r s y .  
The m a j o r i t y  o f  w o r k s  s u p p o r t  g r i p  s t r e n g t h  d i f f e r e n c e s  b e t ­
ween t h e  m a j o r  a n d  m i n o r  h a n d ;  r a n g i n g  f r o m  3S t o  10% l e s s  
i n  t h e  m i n o r  h a n d  ( N e m e t h i ,  1952 ;  B e c h t o l ,  1954 ;  S c h m id t  a n d  
Toew s ,  1 9 7 0 ;  Toew s ,  1 9 6 4 ) .  H o w e v e r ,  t h e  d o m i n a n t  h a n d  i s  
n o t  a l w a y s  s u p e r i o r  t o  t h e  m i n o r  h a n d .  Toews (1964)  f o u n d  
t h a t  5% o f  h i s  s u b j e c t s  had l e s s  g r i p  s t r e n g t h  i n  t h e  m a j o r  
h a n d .
V a r i a t i o n  o f  g r i p  s t r e n g t h  d u r i n g  t h e  day  was r e ­
p o r t e d  by B e c h t o l  (1954) . The l o w e s t  r e a d i n g  was o b s e r v e d
d u r i n g  t h e  e a r l y  m o r n i n g  w h i l e  t h e  h i g h e s t  was f rom  4 : 0 0  t o  
8 : 0 0  pm. V a r i a t i o n  o f  g r i p  s t r e n g t h  f rom d a y  t o  d a y  was  n o t  
o b s e r v e d  by B e c h t o l  (1954) i f  t h e  m e a s u r e m e n t  was p e r f o r m e d
a t  t h e  same t i m e  e a c h  d a y .  On t h e  o t h e r  h a n d ,  a s i g n i f i c a n t
c h a n g e  i n  f i n g e r  f o r c e  b u t  no s i g n i f i c a n t  c h a n g e  i n  g r i p  
s t r e n g t h  d u r i n g  t h e  c o u r s e  o f  a w o r k in g  d a y  was r e p o r t e d  by 
D i c k s o n  and N i c o l l e  ( 1 9 7 2 ) .
Some f i n d i n g s  s u p p o r t ,  w h i l e  o t h e r s  do n o t  s u p p o r t ,  
t h e  c o r r e l a t i o n  o f  s t r e n g t h  w i t h  one o r  more a n t h r o p o m e t r i c  
f a c t o r s .  S c h m i d t  a n d  Toews (1970)  o b s e r v e d  t h a t  s t r e n g t h
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vas  d i r e c t l y  r e l a t e d  t o  h e i g h t  up  t o  180 cm. G r i p  s t r e n g t h  
was  a l s o  p r o p o r t i o n a l  t o  a g e  b e t w e e n  18 a n d  3 0 .  A f t e r  30 o r  
s o ,  g r i p  s t r e n g t h  becam e i n v e r s e l y  p r o p o r t i o n a l  t o  a g e  
( F i s h e r  an d  B i r r e n ,  1947 ;  S c h m i d t  an d  T o ew s ,  1 9 7 0 ;  K e l l e r  e t  
a l . ,  1 9 7 1 ) .  Body w e i g h t  i s  p r o b a b l y  t h e  m o s t  d o c u m e n t e d  
s i n g l e  f a c t o r  w h ic h  c o r r e l a t e s  h i g h l y  w i t h  g r i p  s t r e n g t h  
( J o n e s ,  1 9 4 7 ;  B o o k w a l t e r ,  1 950 ;  E v e r r e t t  and  S i l l s ,  1 9 5 2 ;  
B o w e r s ,  1 9 6 1 ;  P i e r s o n  an d  O ' C o n n e l ,  1 9 6 2 ;  L u n d e  e t  a l . ,  
1972 ;  Nwuga, 1 9 7 5 ) .  H o w ev e r ,  P i e r s o n  and  O 'C o n n e l  (1962)  
d i d  n o t  f i n d  h i g h  c o r r e l a t i o n s  o f  h e i g h t  o r  a g e  w i t h  
s t r e n g t h .  B o o k w a l t e r  (1952)  a n d  Bowers  (1961)  a l s o  f a i l e d  
t o  f i n d  a h i g h  c o r r e l a t i o n  b e t w e e n  a g e  a n d  s t r e n g t h .  I t  
s e e m s  t h a t  m u l t i v a r i a t e  a n a l y s i s  may p r o v i d e  b e t t e r  p r e d i c ­
t i o n s  o f  s t r e n g t h  t h a n  any  s i n g l e  f a c t o r ,  a l t h o u g h  c e r t a i n  
s i n g l e  f a c t o r s  a r e  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  s t r e n g t h  a s  
d i s c u s s e d  a b o v e  ( F i s h e r  and  B i r r e n ,  1947 ;  B o o k w a l t e r ,  1 9 5 9 ;  
B o w e r s ,  1 9 6 1 ;  E v e r r e t t  an d  S i l l s ,  1 9 5 2 ) .  The  s e l e c t i o n  o f  
t h e  b e s t  c o m b i n a t i o n  o f  f a c t o r s  i s  d i f f i c u l t  b e c a u s e  v a r i o u s  
r e s e a r c h e r s  h a v e  u s e d  d i f f e r e n t  c o m b i n a t i o n s .
As w r i s t  p o s i t i o n  c h a n g e s ,  t h e  am oun t  o f  f o r c e  e x ­
e r t e d  w i t h  t h e  h a n d  g r i p  c h a n g e s .  The l i t e r a t u r e  i n d i c a t e s  
t h a t  t h e  w r i s t  p o s i t i o n  o f  e x t e n s i o n ,  f l e x i o n ,  a n d  r a d i a l  
d e v i a t i o n  a r e  i n f e r i o r  t o  t h e  n e u t r a l  p o s i t i o n  o r  t o  u l n a r  
d e v i a t i o n  i n  t e r m s  o f  g r i p  s t r e n g t h  ( A n d e r s o n ,  1965  ( c i t e d  
i n  S k o v l y ) ;  S k o v l y ,  1967 ;  K r a f t  an d  B e t e l s ,  1 9 7 2 ;  H a z e l t o n  
e t  a l . ,  1975;  T e r r e l l ,  1 9 7 5 ) .  The i n f e r i o r i t y  o f  t h e  f l e x e d
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a n d  e x t e n d e d  p o s i t i o n s  t o  t h e  n e u t r a l  p o s i t i o n  c a n  b e  e x ­
p l a i n e d  a n a t o m i c a l l y .  As t h e  w r i s t  p o s i t i o n  moves  away f ro m  
n e u t r a l ,  t h e  e f f e c t i v e  f u n c t i o n a l  l e n g t h s  o f  t h e  f i n g e r  
f l e x o r s  a n d  e x t e n s o r s  c h a n g e  ( H a z e l t o n  e t  a l . ,  1 9 7 5 ) .  D u r ­
i n g  w r i s t  f l e x i o n ,  t h e  r e l a t i v e  s h o r t n e s s  o f  t h e  e x t e n s o r s  
d o e s  n o t  p e r m i t  f u l l  f l e x i o n  o f  t h e  f i n g e r s  a n d  w r i s t .  D u r ­
i n g  w r i s t  e x t e n s i o n ,  t h e  r e l a t i v e  s h o r t n e s s  o f  t h e  f l e x o r s  
d o e s  n o t  p e r m i t  s i m u l t a n e o u s  f u l l  e x t e n s i o n  o f  t h e  f i n g e r s  
a n d  w r i s t  ( P l a t t ,  c i t e d  i n  S k o v l y ,  1967) . H o w e v e r ,  i t  h a s  
n o t  b e e n  d e c i d e d  w h e t h e r  t h e  g r e a t e s t  f o r c e  i s  e x e r t e d  a t  
t h e  n e u t r a l  p o s i t i o n  o r  a t  t h e  u l n a r l y  d e v i a t e d  p o s i t i o n .  
G r e a t e s t  f o r c e  e x e r t i o n  was o b s e r v e d  w i th  u l n a r  d e v i a t i o n  by 
S k o v l y  ( 1 9 6 7 ) ,  a n d  H a z e l t o n  a n d  a s s o c i a t e s  ( 1 9 7 5 ) .  How­
e v e r ,  t h e  n e u t r a l  p o s i t i o n  was r e p o r t e d  a s  s u p e r i o r  by An­
d e r s o n  ( 1 9 6 5 ,  c i t e d  i n  S k o v l y ,  1967) a n d  T e r r e l l  ( 1 9 7 5 ) .
CHAPTER I I I  
MATERIALS AND METHODS
3 , 1  THE PROBLEM STATEMENT
The t r i g g e r  s w i t c h  o f  a pow er  t o o l  i s  u s u a l l y  c o n t ­
r o l l e d  b y  t h e  i n d e x  f i n g e r  o r  t h u m b .  S u c h  o p e r a t i o n s  u s u ­
a l l y  d o  n o t  a l l o w  t h e  i n d e x  f i n g e r  o r  thumb t o  f u l l y  p a r t i ­
c i p a t e  i n  t h e  g r i p p i n g  a c t i v i t y .  A l t h o u g h  many s t u d i e s  on
g r i p  s t r e n g t h  h a v e  b e e n  p e r f o r m e d ,  r e l a t i v e l y  few  h a v e  e x a ­
m in e d  t h e  s p e c i a l  t y p e  o f  g r i p  i n v o l v e d  i n  t r i g g e r  o p e r a ­
t i o n s ,  T h o s e  t h a t  h a v e  i n v o l v e  s t u d y i n g  o f  t h e  i n d i v i d u a l  
f i n g e r  c o n t r i b u t i o n s  t o  t h e  e n t i r e  g r i p  f o r c e  ( H a z e l t o n  e t  
a l , ,  1 9 7 5 ) .  T h e r e f o r e ,  f o u r  f i n g e r  g r i p  s t r e n g t h  must b e  
i n v e s t i g a t e d  a s  w e l l  a s  t h e  i n d i v i d u a l  s t r e n g t h  o f  t h e  i n ­
d e x  f i n g e r  a n d  th u m b .  F o r  t h e  s a k e  o f  c o n v e n i e n c e ,  two g r i p  
t y p e s  h a v e  b e e n  d e f i n e d  a s  f o l l o w s ;  (a) thum b  o p e r a t i o n  
g r i p  i n  w h ich  t h e  h a n d l e  o f  t h e  t o o l  i s  h e l d  by t h e  f o u r  
f i n g e r s  w i t h  t h e  thum b  u s e d  f o r  o n / o f f  m a n i p u l a t i o n  o f  t h e  
t r i g g e r  s w i t c h ,  a n d  (b) i n d e x  o p e r a t i o n  g r i p  i n  w h ic h  t h e  
h a n d l e  i s  h e l d  by t h e  thumb a n d  a l l  f i n g e r s  e x c e p t  t h e  i n d e x  
w h ic h  i s  u s e d  a s  t h e  t r i g g e r  o p e r a t o r .
G r i p  s p a n  e f f e c t s  on s t r e n g t h  h a v e  b e e n  s t u d i e d  (Be­
c h t o l ,  1 9 5 4 ;  M ontoye  a n d  F a u l k n e r ,  1 9 6 5 ;  C o t t o n  a n d  B o n n e l ,
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1 9 6 9 ;  a n d  C o t t o n  a n d  J o h n s o n ,  1 9 7 0 ) .  P t a v i o u s  r e s e a r c h e r s  
h a v e  e x a m i n e d  g r i p  s p a n  a s  a  f u n c t i o n  o f  h a n d l e  s i z e .  How­
e v e r ,  g r i p  s p a n  h a s  n o t  b e e n  s t u d i e d  a s  a f u n c t i o n  o f  h a n d l e  
s i z e  r e l a t i v e  t o  i n d i v i d u a l  h a n d  s i z e .  From t h e  b i o m e c h a n i ­
c a l  p o i n t  o f  v i e w ,  i t  seem ed  a p p r o p r i a t e  i n  t h e  e v a l u a t i o n  
o f  s t r e n g t h  t o  e s t a b l i s h  g r i p  s p a n  r e l a t i v e  t o  t h e  i n d i v i ­
d u a l ' s  hand  s i z e .  T h e r e f o r e  t h i s  s t u d y  was  d e s i g n e d  t o  i n ­
v e s t i g a t e  t h e  e f f e c t s  o f  g r i p  s p a n ,  r e l a t i v e  t o  i n d i v i d u a l  
h a n d  s i z e .
S t u d i e s  on t h e  e f f e c t  o f  w r i s t  o r i e n t a t i o n  on g r i p  
s t r e n g t h  h a v e  p r o d u c e d  c o n t r a d i c t o r y  r e s u l t s  ( S k o v l y ,  1 9 6 7 ;  
H a z e l t o n  e t  a l . ,  1 9 7 5 ;  and T e r r e l l ,  1 9 7 5 ) .  The tw o  c o n t r o ­
v e r s i a l  w r i s t  o r i e n t a t i o n s  w i th  r e s p e c t  t o  g r i p  s t r e n g t h  
w ere  t h e  n e u t r a l  a n d  u l n a r l y  d e v i a t e d  p o s i t i o n s .  T h u s ,  t h e s e  
p o s i t i o n s  w e re  i n c o r p o r a t e d  i n  t h i s  s t u d y .  O t h e r  p o s i t i o n s  
o f  t h e  w r i s t  were  n o t  i n v e s t i g a t e d  s i n c e  p r e v i o u s  r e s e a r c h ­
e r s  h a v e  a g r e e d  t h a t  t h e  f o r c e s  e x e r t e d  i n  o t h e r  p o s i t i o n s  
a r e  w e a k e r  t h a n  i n  t h e  n e u t r a l  and  u l n a r l y  d e v i a t e d  p o s i ­
t i o n s .  T h u s ,  t h e  f i r s t  p a r t  o f  t h i s  s t u d y  was d e s i g n e d  t o  
g e n e r a t e  f u r t h e r  g r i p  s t r e n g t h  d a t a  t o  a i d  t h e  e v a l u a t i o n  o f  
g r i p  h a n d l e s  f o r  pow er  t o o l s .
The  s e c o n d  q u e s t i o n  c o n c e r n e d  t h e  s t r e n g t h  c a p a b i l i t y  
o f  t h e  i n d e x  a n d  t h e  thum b i n  r e l a t i o n  t o  t r i g g e r  o p e r a t i o n .  
A l t h o u g h  some d a t a  a b o u t  i n d e x  and  thumb s t r e n g t h  c a n  b e  
f o u n d  i n  t h e  l i t e r a t u r e  ( H a z e l t o n  e t  a l . ,  1 9 7 5 ;  and Konz ,  
1 9 7 9 ) ,  i t  was c o n s i d e r e d  t o  be  i r r e l e v a n t  b e c a u s e  t h e  mea-
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s û r e m e n t  t e c h n i q u e s  w e re  i n c o n s i s t e n t  w i t h  t h e  p u r p o s e s  o f  
t h i s  s t u d y .  T h e r e f o r e ,  t h e  s e c o n d  p a r t  o f  t h e  s t u d y  was d e ­
v o t e d  t o  g e n e r a t i n g  t h e  i n d e x  a n d  thum b  s t r e n g t h  d a t a  n e e d e d  
f o r  t h e  e v a l u a t i o n  o f  t r i g g e r  d e s i g n .
A t h i r d  q u e s t i o n  r e l a t e d  t o  t r i g g e r  d e s i g n  was m uscu ­
l a r  e n d u r a n c e .  A l t h o u g h  m u s c u l a r  s t r e n g t h  was u s e d  a s  o n e
o f  t h e  c r i t e r i a  t o  e v a l u a t e  t h e  p e r f o r m a n c e  c a p a b i l i t i e s  o f  
t h e  g r i p ,  i n d e x  a n d  th u m b ,  i t  i s  a n  i n s t a n t a n e o u s  m e a s u r e  
a n d  d o e s  n o t  i n c l u d e  s u s t a i n e d  p e r f o r m a n c e  o v e r  a p r o l o n g e d  
p e r i o d  o f  t i m e .  I n  t h e  t h i r d  p a r t  o f  t h e  s t u d y ,  m u s c u l a r  
f a t i g u e  c h a r a c t e r i s t i c s ,  m e a s u r e d  by t h e  s t r e n g t h  d e c r e m e n t  
o v e r  t i m e ,  w e r e  s t u d i e d  f o r  t h e  i n d e x  and th u m b .
I n  b r i e f ,  t h i s  s t u d y  was p e r f o r m e d  t o  g e n e r a t e  
s t r e n g t h  d a t a  r e l a t e d  t o  g r i p p i n g  a  power t o o l ,  and b o t h  
s t r e n g t h  a n d  e n d u r a n c e  d a t a  f o r  t h e  i n d e x  f i n g e r  and thum b  
i n v o l v e d  i n  t r i g g e r  o p e r a t i o n s .  The m e a s u r e m e n t s  w ere  p e r ­
fo r m e d  f o r  tw o  w r i s t  o r i e n t a t i o n s :  (a ) n e u t r a l  and  (b) u l n a r  
d e v i a t i o n .  F o u r  f i f t h s  o f  e a c h  i n d i v i d u a l ' s  movement r a n g e  
i n  d e g r e e s  was u s e d  t o  d e f i n e  t h e  u l n a r l y  d e v i a t e d  w r i s t .  
T h r e e  g r i p  h a n d l e  s p a n s ,  b a s e d  on i n d i v i d u a l  h a n d  s i z e ,  w e r e  
u s e d  f o r  e a c h  s u b j e c t :  (a) l a r g e ,  (b) medium a n d  (c) s m a l l .
The a n a t o m i c a l  l a n d m a r k s  o f  t h e  d i s t a l  i n t e r p h a l a n g e a l  (DIP) 
j o i n t  ( l a r g e ) ,  p r o x i m a l  i n t e r p h a l a n g e a l  (P IP )  j o i n t  ( s m a l l ) ,  
t h e  m i d p o i n t  o f  t h e  tw o  (medium) ,  a l o n g  t h e  m i d p o i n t  o f  t h e
f l e s h y  a r e a  b e t w e e n  t h e  i n d e x  a n d  t h e  thumb w e re  u s e d  t o  s e t
t h e  g r i p  s p a n .
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F a t i g u e  c h a r a c t e r i s t i c s  w e re  s t u d i e d  u s i n g  o n l y  t h e  
b e s t  p o s i t i o n s  f o r  e a c h  f i n g e r  w i t h  r e s p e c t  t o  s t r e n g t h .  
T h e  o b j e c t i v e  was  t o  d e t e r m i n e  i f  f a t i g u e  p a t t e r n s  o f  t h e  
i n d e x  and  t h e  thum b w e re  d i f f e r e n t .  T h e  t a s k  u s e d  i n  t h e  f a ­
t i g u e  s t u d y  i n c l u d e d  b o t h  c o n t i n u o u s  and  i n t e r m i t t e n t  e x e r ­
c i s e s .
3 . 2  EXPERIMENTAL TASK
The s t r e n g t h  m e a s u r e m e n t  f o r  a l l  e x p e r i m e n t s  was 
b a s e d  on an i s o m e t r i c  f o r c e  e x e r t i o n  a t  t h e  l e v e l  o f  t h e  
m a x im a l  v o l u n t a r y  c o n t r a c t i o n  (MVC). Each  e x e r t i o n  l a s t e d  
f o r  f i v e  s e c o n d s .
I n  t h e  s u s t a i n e d  i s o m e t r i c  f a t i g u e  s t u d y ,  t h e  s u b ­
j e c t s  c o n t i n u e d  t o  e x e r t  t h e i r  maximum v o l u n t a r y  f o r c e  f o r  a 
maximum o f  two m i n u t e s .
I n  t h e  r h y t h m i c  i s o m e t r i c  f a t i g u e  s t u d y ,  a l l  s u b j e c t s  
p e r f o r m e d  a s e r i e s  o f  o n e  s e c o n d  m a x im a l  v o l u n t a r y  c o n t r a c ­
t i o n s  a l t e r n a t e d  w i t h  one  s e c o n d  p e r i o d s  o f  r e s t .  T h i s  t a s k  
was p e r f o r m e d  f o r  a  maximum o f  s i x  m i n u t e s .
3 . 3  EXPERIMENTAL DESIGN
E x p e r i m e n t s  w e r e  d e s i g n e d  t o  g e n e r a t e  f u n d a m e n t a l  
d a t a  t o  a i d  i n  t h e  e v a l u a t i o n  o f  t r i g g e r  o p e r a t i o n s  a s  w e l l  
a s  g r i p s  u s e d  i n  t h e  o p e r a t i o n  o f  p o w e r  t o o l s .  Two t y p e s  o f  
g r i p  ( i n d e x  o p e r a t i o n  a n d  thum b o p e r a t i o n )  a n d  tw o  p o t e n t i a l  
t r i g g e r  f i n g e r s  ( i n d e x  a n d  thumb) w e r e  e x a m i n e d .  I n  a l l  
c a s e s ,  p e r f o r m a n c e  was e v a l u a t e d  b a s e d  on t h e  MVC e f f o r t s .
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3 . 3 . 1  S u b j e c t s
P r i o r  t o  t h e  s e l e c t i o n  o f  t h e  s u b j e c t s ,  a p r e l i m i n a r y  
s u r v e y  w as  c o n d u c t e d  t o  g e n e r a t e  t h e  g r i p  s t r e n g t h  d i s t r i b u ­
t i o n  o f  t h e  s t u d e n t - a g e d  p o p u l a t i o n  a t  t h e  U n i v e r s i t y  o f  
Oklahoma® .  From t h i s  s u r v e y ,  w eak ,  a v e r a g e ,  a n d  s t r o n g  p e r ­
s o n s  w e r e  d e f i n e d  u s i n g  a r a n g e  o f  p e r c e n t i l e s  o f  t h e  d i s ­
t r i b u t i o n .  T a b l e  2 sh o w s  t h e  d e f i n i t i o n  o f  t h e  t h r e e  
c l a s s e s  o f  s t r e n g t h .
T a b l e  2
D e f i n i t i o n  o f  S u b j e c t  S t r e n g t h
S t r e n g t h  P e r c e n t i l e S t r e n g t h  i n  kg 
f e m a l e  m a le
weak
a v e r a g e
s t r o n g
6 - - 1 0 
4 I I - -5 5  
9 1 — 95
2 2 .  2— 2 4 . 4  
3 2 . 2 — 3 4 . 0  
4 2 .  2— 4 3 .  1
3 6 . 6 - - 3 9 . 7
5 3 . 5 — 5 6 . 2
7 0 . 8 — 7 4 . 4
S i x  v o l u n t e e r  s u b j e c t s  w e r e  s e l e c t e d  f r o m  t h e  s t u d e n t  
p o p u l a t i o n .  E a c h  g e n d e r  g r o u p  c o n s i s t e d  o f  o n e  w eak ,  o n e  
a v e r a g e  a n d  one  s t r o n g  s u b j e c t .  E a c h  s u b j e c t  was young  a n d  
h e a l t h y  and  d i d  n o t  s u f f e r  f r o m  any  known p h y s i c a l  d i s a b i l ­
i t y  t h a t  w o u ld  p r e v e n t  p a r t i c i p a t i o n  i n  t h e  s t u d y .
« F o r  d e t a i l s  a b o u t  t h e  d i s t r i b u t i o n ,  s e e  A p p e n d i x  B.
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The i n d e p e n d e n t  v a r i a b l e s  u s e d  f o r  t h e  e x p e r i m e n t s  
c o n s i s t e d  o f  g e n d e r ,  s u b j e c t  s t r e n g t h  c l a s s i f i c a t i o n ,  g r i p  
s p a n ,  f i n g e r  p o s i t i o n ,  a n d  w r i s t  o r i e n t a t i o n .  F i n g e r  p o s i ­
t i o n  and  g r i p  s p a n  a r e  d e f i n e d  i n  t h e  s e c t i o n  on t h e  r e s p e c ­
t i v e  e x p e r i m e n t s .
Two w r i s t  o r i e n t a t i o n s  were  u s e d :  n e u t r a l  a n d  u l n a r l y  
d e v i a t e d .  The  d e v i a t e d  w r i s t  p o s i t i o n  was  d e f i n e d  a s  f o u r  
f i f t h s  o f  e a c h  i n d i v i d u a l ' s  w r i s t  movement r a n g e  m e a s u r e d  i n  
d e g r e e s  f r o m  t h e  n e u t r a l  w r i s t  p o s i t i o n .  The n e u t r a l  w r i s t  
was  d e f i n e d  by t h e  a l i g n m e n t  o f  t h r e e  p o i n t s .  T h e s e  t h r e e  
p o i n t s  w e re  d e f i n e d  a s  f o l l o w s :  (a) t h e  p o i n t  a t  w h ich  t h e
e x t e n s o r  d i g i t o r u m  t e n d o n  o f  t h e  m i d d l e  f i n g e r  (EOT) m e e t s
w i t h  t h e  HP j o i n t ,  (b) t h e  p o i n t  a t  wh ich  t h e  EOT i n t e r s e c t s  
w i t h  t h e  d o r s a l  s i d e  o f  m i d c a r p a l  r e g i o n ,  a n d  (c) t h e  p o i n t  
a t  which t h e  e x t e n s o r  d i g i t o r u m  m u s c l e  j o i n s  w i t h  t h e  r a d i u s
a t  t h e  e l b o w  j o i n t .
T a b l e  3 s u m m a r i z i e s  t h e  i n d e p e n d e n t  v a r i a b l e s  a s s o c i ­
a t e d  w i t h  t h e  a n t h r o p o m e t r i c  c h a r a c t e r i s t i c s  o f  e a c h  s u b ­
j e c t .  o t h e r  i n d e p e n d e n t  v a r i a b l e s ,  w h ich  a r e  n o t  l i s t e d  i n  
t h e  T a b l e  3 ,  a r e  f i n g e r  p o s i t i o n  f o r  t h e  i n d e x  and thum b  
s t r e n g t h  s t u d i e s  a n d  e l a p s e d  t i m e  f r o m  t h e  b e g i n n i n g  o f  e x ­
e r c i s e  f o r  t h e  f a t i g u e  s t u d i e s .
S u b j e c t
s t r o n g -
f e m a l e
a v e r a g e -
f e m a l e
w eak -
f e m a l e
s t r o n g -
m a le
a v e r a g e -
m a le
w e a k -
m a le
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T a b l e  3
Summary o f  I n d e p e n d e n t  V a r i a b l e s
F . G . S .  R.W.D. S e t u p  G r i p  S t r e n g t h  % t i l e
mean S .D .
6. 2
6 . 7
6 . 7
7 . 4
6 . 7
6 . 4
28 (s) 
33 ( t )
26 (s) 
38 (t)
38  (s) 
40 (t )
32 (s) 
36 (t )
38 (s) 
40 ( t )
40 (s) 
40 ( t )
21
20
29
24
29
30
4 1 . 9 5  0 . 2 6
3 3 . 4 9  0 . 6 9
2 4 . 3 9  0 . 6 9
7 3 . 8 6  0 . 2 3
5 7 . 9 6  0 . 3 7
3 6 . 6 7  0 . 6 9
90
50
10
95
60
6
L e g e n d ;
F . G . S .
R.W.D.
f u n c t i o n a l  g r i p  s p a n  i n  c e n t i m e t e r s ,  
r a n g e  o f  w r i s t  d e v i a t i o n  i n  d e g r e e s  i n  t h e  
s a g i t t a l  (s) and  t r a n s v e r s e  ( t )  p l a n e .
S e t u p  = e x p e r i m e n t a l  s e t u p  o f  w r i s t  d e v i a t i o n  i n  d e g r e e s  
u s e d  f o r  e a c h  o f  t h e  s u b j e c t s .
G r i p  S t r e n g t h  = f a l l  g r i p  s t r e n g t h  i n  k i l o g r a m s ,
% t i l e  = p e r c e n t i l e  o f  t h e  p o p u l a t i o n ;  s t r e n g t h  was
m e a s u r e d  i n  t h e  medium s p a n  w i t h  a  n e u t r a l  w r i s t ,  
S .D .  = s t a n d a r d  d e v i a t i o n .
3 . 3 . 2  G r i R  S t r e n g t h  E x p e r i m e n t
The thumb o r  i n d e x  o p e r a t i o n  g r i p  i s  t h e  f o u n d a t i o n  
w h i c h  a l l o w s  t h e  i n d e x  o r  thumb t o  o p e r a t e  a  pow er  t o o l .  
T h i s  n o t i o n  m o t i v a t e d  p a r t  o n e  o f  t h e  e x p e r i m e n t s  t o  d e t e r ­
m in e  w h e t h e r  o r  n o t  g r i p  t y p e  was c o n s i d e r e d  b e f o r e  t h e  
c h o i c e  o f  t r i g g e r  f i n g e r s  was made.
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P a r t  one  o f  t h e  i n v e s t i g a t i o n  was d e s i g n e d  t o  
e v a l u a t e  t h e  tw o  g r i p s  a s  f o l l o w s :
1. To d e t e r m i n e  i f  t h e r e  was a d i f f a r e n c e  i n  g r i p
s t r e n g t h  b e t w e e n  t h e  i n d e x  o p e r a t i o n  g r i p  a n d  t h e
th u m b  o p e r a t i o n  g r i p .
2 .  To d e t e r m i n e  i f  t h e s e  s t r e n g t h s  w e r e  a f f e c t e d  by
g e n d e r ,  i n d i v i d u a l  s u b j e c t  s t r e n g t h ,  g r i p  s p a n ,  
a n d  w r i s t  o r i e n t a t i o n .
G r i p  s p a n  was s e t  a t  one  o f  t h r e e  l e v e l s :  l a r g e ,  med­
i u m ,  and  s m a l l  a n d  was d e f i n e d  a s  a l i n e a r  d i s t a n c e  b e t w e e n  
t h a  t h e n a r  and  h y p o t h e n a r  e m i n e n c e s  and t h e  v o l a r  s i d e  o f  
t h e  m i d d l e  f i n g e r .  The c e n t e r  o f  t h e  o u t e r  s u r f a c e  o f  t h e  
p r i m a r y  h a n d l e  was p l a c e d  a t  t h e  c e n t e r  ( m i d p o i n t )  o f  t h e  
f l e s h y  a r e a  b e t w e e n  t h e  i n d e x  and  thumb w h i l e  t h e  c e n t e r  o f  
t h e  o u t e r  s u r f a c e  o f  t h e  s e c o n d a r y  h a n d l e  was l o c a t e d  a t  
t h r e e  d i f f e r e n t  p o s i t i o n s :  (a) l a r g e  s p a n — t h e  a n a t o m i c a l
l a n d m a r k  o f  t h e  d i s t a l  I P  j o i n t  o f  t h e  m i d d l e  f i n g e r ,  (b) 
s m a l l  s p a n — t h e  l a n d m a r k  o f  t h e  p r o x i m a l  IP  j o i n t  o f  t h e  
m i d d l e  f i n g e r ,  (c) medium s p a n — t h e  m i d p o i n t  b e t w e e n  t h e  
l a n d m a r k s  o f  t h e  d i s t a l  a n d  p r o x i m a l  I P  j o i n t s  o f  t h e  m i d d l e  
f i n g e r .
A n e s t e d  f a c t o r i a l  d e s i g n  ( i . e . ,  s u b j e c t s  n e s t e d  u n ­
d e r  g e n d e r )  w i t h  r e p e a t e d  m e a s u r e s  w a s  c h o s e n  f o r  c o n d u c t i n g  
t h e  e x p e r i m e n t a l  t a s k s  and  a n a l y z i n g  t h e  r e s u l t s .  T a b l e  4 
g i v e s  a summary  o f  t h e  f i r s t  e x p e r i m e n t .  F i g u r e  6 sh o w s  a 
v ie w  f o r  g r i p  s t r e n g t h  m e a s u r e m e n t .
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F i g u r e  6 :  View f o r  g r i p  s t r e n g t h  m e a s u r e m e n t
I__
T a b l e  4
The  i n d e p e n d e n t  v a r i a b l e s  u s e d  f o r  t h e  g r i p  s t r e n g t h
e x p e r i m e n t
V a r i a b l e O b s e r v a t i o n  L e v e l s
G e n d e r  2s f e m a l e  a n d  male
S u b j e c t  s t r e n g t h  3s w e a k ,  a v e r a g e ,  and  s t r o n g  
G r i p  Span  3 ;  s m a l l ,  medium ,  a n d  l a r g e
W r i s t  o r i e n t a t i o n  2 ;  n e u t r a l  a n d  u l n a r l y  d e v i a t e d
3 c 3 . 3  I n d e x  S t r e n g t h  E x p e r i m e n t
A p i l o t  s t u d y  p r i o r  t o  t h e  e x p e r i m e n t  c o n f i r m e d  t h a t  
t h e  i n d e x  f i n g e r  c a n  e x e r t  g r e a t e r  f o r c e  when p u l l i n g  t o -
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w a r d s  t h e  t h e n a r  e m i n e n c e  t h a n  i n  any  o t h e r  d i r e c t i o n  
( H a z e l t o n  e t  a l . ,  1 9 7 5 ) .  T h e r e f o r e ,  o n l y  t h i s  d i r e c t i o n  o f  
p u l l  was  i n v e s t i g a t e d .
The same c r i t e r i a  a s  u s e d  i n  t h e  g r i p  s t r e n g t h  e x p e r ­
i m e n t  w e r e  u s e d  t o  d e f i n e  i n d i v i d u a l  s u b j e c t  s t r e n g t h  a n d  
w r i s t  p o s i t i o n .  The  p o s i t i o n  o f  t h e  i n d e x  f i n g e r  was s e t  a t
o n e  o f  t h r e e  l e v e l s  d e f i n e d  by  t h e  l o c a t i o n  o f  t h e  c e n t e r
p a r t  o f  t h e  f o r c e  c o u p l i n g  d e v i c e ;  (a) c l o s e  p o s i t i o n — t h e  
a n a t o m i c a l  l a n d m a r k  o f  t h e  P I P  j o i n t ,  (b) f a r  p o s i t i o n — t h e  
l a n d m a r k  o f  t h e  DIP j o i n t ,  a n d  (c) m i d d l e  p o s i t i o n — t h e  m id ­
d l e  p o s i t i o n  b e t w e e n  (a) a n d  (b) , As b e f o r e ,  t h e  m i d p o i n t  
o f  t h e  t h e n a r  e m i n e n c e  was p l a c e d  a t  t h e  c e n t e r  o f  t h e  p r i ­
mary  h a n d l e .  A v i e w  f o r  i n d e x  s t r e n g t h  m e a s u r e m e n t  i s  shown 
i n  F i g u r e  7 .
P a r t  tw o  o f  t h e  i n v e s t i g a t i o n  was c o n d u c t e d  t o  o b t a i n  
i n f o r m a t i o n  a b o u t  i n d e x  f i n g e r  s t r e n g t h .  T h i s  e x p e r i m e n t  h ad  
tw o  o b j e c t i v e s  a s  f o l l o w s :
1. To d e t e r m i n e  w h ic h  p o s i t i o n  a l l o w e d  t h e  i n d e x
f i n g e r  t o  e x e r t  t h e  m os t  f o r c e .
2 .  To d e t e r m i n e  i f  i n d e x  s t r e n g t h  was a f f e c t e d  by
g e n d e r ,  i n d i v i d u a l  s u b j e c t  s t r e n g t h ,  i n d e x  f i n g e r  
p o s i t i o n ,  a n d  w r i s t  o r i e n t a t i o n .
T a b l e  5 s u m m a r i z e s  t h e  i n d e p e n d e n t  v a r i a b l e s  u s e d  f o r  t h e  
s e c o n d  e x p e r i m e n t .
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F i g u r e  7 :  View f o r  i n d e x  s t r e n g t h  m e a s u r e m e n t
3 . 3 . 4  Thumb S t r e n g t h  E x p e r i m e n t
The same criteria were used to define individual sub­
ject strength and wrist orientation as before. However, the 
thumb has diverse functional ranges which have not been in­
vestigated thoroughly. Therefore, the measurement of thumb 
strength must be performed at several positions and in sev­
eral force directions. Part three of the experiment was de­
signed to generate the thumb strength data. The position of 
the thumb was based on its functional range in the various 
positions possible while holding a power tool. This situa-
r-
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T a b l e  5
The i n d e p e n d e n t  v a r i a b l e s  u s e d  f o r  t h e  i n d e x  s t r e n g t h
e x p e r i m e n t
V a r i a b l e  O b s e r v a t i o n  L e v e l s
G e n d e r  2 :  f e m a l e  a n d  male
S u b j e c t  s t r e n g t h  3;  w e ak ,  a v e r a g e ,  and  s t r o n g
W r i s t  o r i e n t a t i o n  2 :  n e u t r a l  a n d  u l n a r  d e v i a t e d
F i n g e r  p o s i t i o n  3;  c l o s e ,  m i d d l e ,  and f a r
t i o n  r e s t r i c t s  t h e  a l l o w a b l e  p l a n e s  i n  w h ic h  t h e  thumb may 
move. E i g h t  thumb p o s i t i o n s  were  s e l e c t e d  w i t h  t h e  d i r e c ­
t i o n  o f  t h e  f o r c e  l o c a t e d  i n  a  p l a n e  p a r a l l e l  t o  t h e  s a g i t ­
t a l  p l a n e  a n d  w i t h  t h e  p o s i t i o n  o f  t h e  d i s t a l  p h a l a n x  a s  
f o l l o w s :
1, The I P  an d  HP j o i n t s  ware  k e p t  e x t e n d e d  o r  h y p e ­
r e x t e n d e d ,  F o r c e  was e x e r t e d  i n  a  p l a n e  p a r a l l e l  
t o  t h e  pa lm  a n d  p e r p e n d i c u l a r  t o  t h a  h a n d l e  a x i s .
a)  The CM j o i n t  was f u l l y  e x t e n d e d ,
b) The  CM j o i n t  was  f l e x e d  u n t i l  t h e  t i p  o f  t h e  
thum b n e a r l y  r e a c h e d  t o  t h e  l a t e r a l  s i d e  o f  
t h e  d i s t a l  p h a l a n x  o f  t h e  i n d e x  f i n g e r ,
c) The  CM j o i n t  was  f l e x e d  a t  t h e  m i d p o s i t i o n  b e t ­
ween  a) a n d  b) .
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2 .  The I P  j o i n t  was f l e x e d  a p p r o x i m a t e l y  90 d e g r e e s  
b u t  t h e  HP j o i n t  was k e p t  e x t e n d e d .  F o r c e  was e x ­
e r t e d  i n  t h e  same p l a n e  a s  i n  t h e  f i r s t  c a s e  b u t  
t h e  f o r c e  d i r e c t i o n  was p a r a l l e l  t o  t h e  a x i s  o f  
t h e  h a n d l e .
a) The  CM j o i n t  was f u l l y  e x t e n d e d .
b) The CM j o i n t  was f l e x e d  u n t i l  t h e  t i p  o f  thumb
n e a r l y  t o u c h e d  t h e  i n d e x .
c)  The CM j o i n t  was  f l e x e d  a t  t h e  m i d p o s i t i o n  b e t ­
ween a) a n d  b ) . A c c o r d i n g l y ,  t h e  I P  j o i n t  was
s l i g h t l y  e x t e n d e d .
3.  F i n a l l y ,  thumb o p p o s i t i o n s  t o  t h e  palm were  mea­
s u r e d  i n  two p o s i t i o n s .  The f o r c e  d i r e c t i o n  was 
t o w a r d s  t h e  p l a n e  o f  t h e  p a lm .
a) The  t i p  o f  t h e  thum b was l o c a t e d  a t  t h e  p l a c e  
a t  w h ic h  i t  n e a r l y  t o u c h e d  t h e  u p p e r  l a t e r a l  
s i d e  o f  t h e  i n d e x .
b) The  t i p  o f  t h e  thum b  was p l a c e d  b e t w e e n  t h e  l a ­
t e r a l  s i d e s  o f  t h e  s e c o n d  a n d  t h i r d  f i n g e r s .
F i g u r e  8 show s  t h e  t h r e e  f o r c e  d i r e c t i o n s  u s e d  i n  t h e  mea­
s u r e m e n t s .
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(a) force is exerted in DOWN direction
(b) force is exerted in horizontal direction 
Figure 8: View for thumb strength measurement
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\0
(c) force direction is opposition 
Figure 8: View for thumb strength measurement
This experiment had two purposes:
1. To determine which position allowed the thumb to 
exert the greatest force.
2. To determine if thumb strength was affected by 
gender, individual subject strength, thumb posi­
tion and wrist orientation. position, and wrist 
position.
Table 6 presents a summary of the experimental design for 
the thumb strength experiment.
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T a b l e  6
The  i n d e p e n d e n t  v a r i a b l e s  u s e d  f o r  t h e  thumb s t r e n g t h
e x p e r i m e n t
r
V a r i a b l e  O b s e r v a t i o n  L e v e l s
G e n d e r  2 :  f e m a l e  and  male
S u b j e c t  s t r e n g t h  3 ;  w eak ,  a v e r a g e ,  a n d  s t r o n g
W r i s t  o r i e n t a t i o n  2 :  n e u t r a l  a n d  u l n a r l y  d e v i a t e d
Thumb p o s i t i o n  8 ;  v e r t i c a l  u p ,  m i d d l e  a n d  low;
h o r i z o n t a l  o u t ,  medium a n d  i n ;  
o p p o s i t i o n  up and  low
3 . 3 . 5  M u s c u l a r  E n d u r a n c e  E x p e r i m e n t s
The f i r s t  t h r e e  e x p e r i m e n t s  w e r e  c o n c e r n e d  w i t h  t h e  
e v a l u a t i o n  o f  m u s c u l a r  p e r f o r m a n c e  i n  t h e  r e l a t i v e l y  s h o r t  
p e r i o d  (5 s e c )  n e c e s s a r y  t o  m e a s u r e  t h e  SVC. E x p e r i m e n t s  
f o u r  a n d  f i v e  w e r e  d e s i g n e d  t o  d e t e r m i n e  i f  t h e r e  w ere  d i f ­
f e r e n c e s  i n  t h e  f a t i g u e  p a t t e r n s  f o u n d  i n  t h e  c o u r s e  o f  s u s ­
t a i n e d  a n d  r h y t h m i c  i s o m e t r i c  e x e r c i s e s .  The  f a t i g u e  p a t ­
t e r n s  w e re  d e f i n e d  i n  t e r m s  o f  m u s c u l a r  f o r c e  d e c r e m e n t  v s .  
t h e  e l a p s e d  t i m e .  E x p e r i m e n t  f o u r  u s e d  a c o n t i n u o u s l y  s u s ­
t a i n e d  i s o m e t r i c  e x e r c i s e  w h i l e  t h e  f i f t h  e x p e r i m e n t  em­
p l o y e d  a r h y t h m i c ,  m a x im a l  i s o m e t r i c  e x e r c i s e .
The p o s i t i o n s  o f  t h e  i n d e x  a n d  t h e  thum b  were  f i x e d  
f o r  t h e s e  s e r i e s ,  b a s e d  up o n  t h e  r e s u l t s  o f  t h e  p r e v i o u s  e x ­
p e r i m e n t s  w h e re  t h e  p o s i t i o n  o f  m a x im a l  s t r e n g t h  was d e t e r ­
m in e d .  The m i d d l e  p o s i t i o n  was u s e d  f o r  t h e  i n d e x  f i n g e r  
w h i l e  t h e  m i d d l e  p o s i t i o n  w i t h  movement  p a r a l l e l  t o  t h e  h a n ­
d l e  a x i s  (DOWN) was e m p l o y e d  f o r  t h e  thum b .
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The p u r p o s e s  o f  t h e s e  e x p e r i m e n t s  w e re ;
1. To d e t e r m i n e  i f  t h e r e  w ere  d i f f e r e n c e s  b e t w e e n  t h e
tw o f i n g e r s  i n  t h e  f a t i g u e  p a t t e r n s  f o r  t h e  c o n t i ­
n u o u s  a n d  r h y t h m i c  i s o m e t r i c  e x e r c i s e s .
2 .  To d e t e r m i n e  i f  s u c h  f a t i g u e  p a t t e r n s  w e re  a f ­
f e c t e d  by g e n d e r ,  i n d i v i d u a l  s u b j e c t  s t r e n g t h ,  a n d
w r i s t  o r i e n t a t i o n .
T a b l e  7 p r o v i d e s  a summary o f  b o t h  e x p e r i m e n t s .
T a b l e  7
The  i n d e p e n d e n t  v a r i a b l e s  u s e d  f o r  m u s c u l a r  f a t i g u e  s t u d i e s  
r ------------------- — — -------------------------------------—------------------------------------ —------
V a r i a b l e s  O b s e r v a t i o n  L e v e l s
G e n d e r  2 :  f e m a l e  and  m a l e
S u b j e c t  s t r e n g t h  3 :  w e ak ,  a v e r a g e  and s t r o n g
W r i s t  o r i e n t a t i o n  2 :  n e u t r a l  a n d  u l n a r l y  d e v i a t e d
Time s u s t a i n e d  e x e r c i s e :  5 s e c o n d  i n t e r v a l
b e t w e e n  o n e - s e c o n d  s a m p l i n g s  up  t o  
2 m i n u t e s  o f  e l a p s e d  t i m e ,  
r h y t h m i c  e x e r c i s e ;  15 s e c o n d  i n t e r v a l  
b e t w e e n  o n e - s e c o n d  s a m p l i n g s  up  t o  
6 m i n u t e s  o f  e l a p s e d  t i m e .
3 . 4  Ü2DIPMENT AND MEASUREMENTS
The e q u i p m e n t  u s e d  i n  t h i s  s t u d y  c a n  b e  c l a s s i f i e d  
i n t o  t h r e e  c a t e g o r i e s :  a n t h r o p o m e t r i c  m e a s u r e m e n t ,  f o r c e
m e a s u r e m e n t ,  a n d  e n v i r o n m e n t a l  c o n t r o l .  A l l  e x p e r i m e n t s  
w e re  c o n d u c t e d  i n  a n  e n v i r o n m e n t a l  ch am b er  w h e re  a c o n s t a n t
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t e m p e r a t u r e  o f  2 2 . 2C + / -  0 . 5 C  an d  a h u m i d i t y  l e v e l  o f  75% 
+ / -  4% were  m a i n t a i n e d  f o r  a l l  t r i a l s .
The a n t h r o p o m e t r i c  m e a s u r e m e n t  a p p a r a t u s  i n c l u d e d  a 
f u n c t i o n a l  h a n d  a n t h r o p o m e t e r  a n d  a p r o t r a c t o r .  The f u n c ­
t i o n a l  hand  a n t h r o p o m e t e r  was u s e d  t o  m e a s u r e  t h e  f u n c t i o n a l  
g r i p  s i z e  o f  t h e  s u b j e c t s .  The p r o t r a c t o r  was b u i l t  t o  e a s e  
m e a s u r e m e n t s  o f  t h e  f u n c t i o n a l  r a n g e  o f  w r i s t  movement.
The f o r c e  m e a s u r e m e n t  a p p a r a t u s  c o n s i s t e d  o f  a r e s t ­
r a i n t  s y s t e m ,  v a r i o u s  h a n d l e s  a n d  r i n g s ,  a f o r c e  t r a n s d u c e r  
( I n t e r f a c e :  Load C e l l ,  S M -2 5 0 ) ,  a  s i g n a l  c o n d i t i o n e r  a n d  am­
p l i f i e r  (N a rc o  B i o s y s t e m :  S t r a i n  Gage C o u p l e r ,  Type 7 1 7 2 ;
C h a n n e l  A m p l i f i e r ,  Type  7 0 7 0 ) ,  a 20K m i n i c o m p u t e r  (DE- 
CLAB-11/03)  w i t h  a n a l o g - t o - d i g i t a l  c o n v e r t e r  (A /D ) ,  a s t r i p  
c h a r t  r e c o r d e r  ( B r u s h :  Model 2 0 0 ) ,  a d i g i t a l  v o l t m e t e r
( F l u k e ;  M odel  8 0 0 0 A ) , a t o n e  g e n e r a t o r  t o  c u e  t h e  s u b j e c t ,  
a n d  a  s w i t c h  t o  i n i t i a t e  c o m p u t e r  p r o g r a m  e x e c u t i o n .
The r e s t r a i n t  s y s t e m  was c o n s t r u c t e d  t o  a c c o m m o d a te  
t h e  many d e s i r e d  h a n d / f i n g e r  p o s i t i o n s  a n d  c o n s i s t e d  o f  a 
wooden c h a i r ,  a v e r t i c a l l y  a d j u s t a b l e  a r m r e s t ,  a n d  a s t e e l  
r o d  f r a m e .  The c o n f i g u r a t i o n  o f  t h e  s y s t e m  i s  shown i n  F i g ­
u r e  9 .  The s y s t e m  was a d j u s t a b l e  i n  e v e r y  d i r e c t i o n  s o  t h a t  
any  d e s i r e d  g r i p  s p a n ,  f i n g e r  p o s i t i o n ,  o r  w r i s t  p o s i t i o n  
was q u i c k l y  o b t a i n e d .  I n  a l l  c o n f i g u r a t i o n s ,  tw o  h a n d l e s  
w e r e  a t t a c h e d  t o  t h e  f r a m e .  The p r i m a r y  h a n d l e  was f i x e d  t o  
t h e  f r a m e  s o  t h a t ,  o n c e  s e t ,  w r i s t  p o s i t i o n  r e m a i n e d  c o n ­
s t a n t .  The s e c o n d a r y  h a n d l e  o r  r i n g  was c o n n e c t e d  t o  t h e
75
force transducer which was fixed to the other end of the 
rigid frame. The primary and secondary handles were paral­
lel to each other.
Figure 9: Restraint system used in all experiments
The primary handle used for both strength and endu­
rance measurements was 2.54 cm wide and 2.22 cm thick with a 
1.27 cm radius of curvature. It was constructed of wood and
was mounted on a steel rod having a diameter of 1.27 cm.
The secondary handle used in the grip strength measurements
was 2.54 cm wide and 0.95 cm thick with a 2,54 cm radius of
curvature. It was also wooden and was attached to thin steel
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c a b l e s  w h ich  w e re  c o n n e c t e d  t o  t h a  h o o k  o f  t h e  f o r c e  t r a n s ­
d u c e r .
F o r  t h e  f i n g e r  s t r e n g t h  m e a s u r e m e n t s ,  tw o  f o r c e  r i n g s  
w ere  p r e p a r e d  t o  a c c o m m o d a te  d i f f e r e n t  f i n g e r  s i z e s .  E a c h  
r i n g  c o n s i s t e d  o f  a  m e t a l  l o o p ,  a wooden pad f o r  c u s h i o n i n g  
and  a c o n n e c t i n g  c a b l e .  The l a r g e  r i n g  was 2 . 8 6  cm i n  d i a m ­
e t e r  w h i l e  t h e  s m a l l  r i n g  was 1 .9 1  cm i n  d i a m e t e r .
F i g u r e  10 i l l u s t r a t e s  t h e  e x p e r i m e n t a l  s e t u p  o f  t h e  
f o r c e  m e a s u r e m e n t  a p p a r a t u s .  Tha s t r a i n  g a g e  was c o n n e c t e d  
t o  an  a m p l i f i e r  w h ich  was c o n n e c t e d  t o  t h e  c o m p u t e r  t h r o u g h  
an A/D c o n v e r t e r .  The  c o m p u t e r  had  tw o main  f u n c t i o n s ;  (a) 
s a m p l i n g ,  c a l c u l a t i n g ,  a n d  r e c o r d i n g  t h e  f o r c e  d a t a ,  a n d  (b) 
t i m i n g  t h e  e x p e r i m e n t s .  A s w i t c h  w as  u s e d  t o  i n i t i a t e  t h e  
c o m p u t e r  p r o g r a m  which  s a m p l e d  a n d  s u m m a r i z e d  d a t a .  The com­
p u t e r  was a l s o  u s e d  t o  t i m e  e a c h  t r i a l  and  t o  c u e  t h e  s u b ­
j e c t  by means  o f  a t o n e  g e n e r a t o r  c o n n e c t e d  t o  a  d i g i t a l -  
t o - a n a l o g  c o n v e r t e r  (D /A ) ,
The s t r i p  c h a r t  r e c o r d e r  and  t h e  v o l t m e t e r  were  u s e d  
t o  m o n i t o r  t h e  p r o g r e s s  o f  e a c h  t r i a l  and t o  e n s u r e  t h a t  a l l  
h a r d w a r e  was o p e r a t i n g  p r o p e r l y .  A c t u a l  m e a s u r e m e n t s  w e re  
p e r f o r m e d  by  t h e  c o m p u t e r .
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F ig u re  10: Diagram of t h e  f o r c e  m e a s u r e m e n t  a p p a r a t u s  se tu p
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3 . 5  MEASUREMENTS
The m e a s u r e m e n t s  made i n  t h i s  s t u d y  w ere  a n t h r o p o m e ­
t r i c  m e a s u r e m e n t s  f o r  s u b j e c t  d e s c r i p t i o n  a n d  e x p e r i m e n t a l  
m e a s u r e m e n t s  o f  f o r c e  u n d e r  v a r i o u s  c o n d i t i o n s .
The a n t h r o p o m e t r i c  m e a s u r e m e n t s  c o n s i s t e d  o f  f u n c ­
t i o n a l  g r i p  s p a n  a n d  f u n c t i o n a l  r a n g e  o f  u l n a r  d e v i a t i o n .  
Hand s i z e  was  d e f i n e d  a s  t h e  l i n e a r  d i s t a n c e  f r o m  t h e  t h e n a r  
a n d  h y p o t h e n a r  s i d e  o f  t h e  hand  t o  t h e  v o l a r  s i d e  o f  t h e  
m i d d l e  f i n g e r  w i t h  t h e  h a n d  g r a s p i n g  t h e  a n t h r o p o m e t e r .  To 
m e a s u r e  c o n s i s t e n t l y ,  i t  was  f u r t h e r  d e f i n e d  a s  f o l l o w s :  (a)
t h e  t h e n a r  a n d  h y p o t h e n a r  e m i n e n c e s  were p l a c e d  a g a i n s t  o n e  
s i d e  o f  t h e  a n t h r o p o m e t e r  w i t h  t h e  m i d p o i n t  o f  t h e  f l e s h y  
a r e a  b e t w e e n  t h e  i n d e x  a n d  t h e  thumb a g a i n s t  t h e  m i d p o i n t  o f  
t h e  a n t h r o p o m e t e r ;  (b) t h e  m i d p o i n t  o f  t h e  m i d d l e  p h a l a n x  o f  
t h e  m i d d l e  f i n g e r  was p l a c e d  a g a i n s t  t h e  m i d p o i n t  o f  t h e  
o t h e r  s i d e  o f  t h e  a n t h r o p o m e t e r .  A t y p i c a l  m e a s u r e m e n t  i s  
shown i n  F i g u r e  11.
The f u n c t i o n a l  r a n g e  o f  w r i s t  d e v i a t i o n  was m e a s u r e d  
u s i n g  t h e  p r o t r a c t o r .  T h r e e  p o i n t s  d e f i n e d  i n  S u b s e c t i o n
3 . 3 , 1  were n e c e s s a r y  t o  m e a s u r e  t h e  a n g l e  w i t h  t h e  s u b j e c t  
i n  a  s e a t e d  p o s i t i o n ,  t h e  palm a n d  f o r e a r m  w e re  p l a c e d  f l a t  
on a  d e s k .  As t h e  t i p  o f  t h e  m i d d l e  f i n g e r  t a p p e d  t h e  d e s k ,  
p a l p a t i o n  was  a p p l i e d  t o  d e t e c t  t h e s e  t h r e e  p o i n t s  w h i c h  
w e r e  t h e n  m ark ed  w i t h  w a t e r  s o l u b l e  i n k .  N e x t ,  t h e  w r i s t  was  
u l n a r l y  d e v i a t e d  on  t h e  p l a n e  o f  t h e  d e sk  ( t r a n s v e r s e  p l a n e )  
a s  f a r  a s  p o s s i b l e  f rom  t h e  p o s i t i o n  i n  w h ic h  t h e  t h r e e  
p o i n t s  w e re  a l i g n e d  ( i . e . ,  z e r o  d e g r e e s ) .  The a n g l e  a t  t h e
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Figure 11: View of measuring functional grip span
end of motion was then measured as the functional range of 
wrist deviation. A second measurement was performed in the 
sagittal plane following the same procedure.
3.5.1 Experimental Measurements
The experimental measurements taken in this study 
were force measurements. For the strength experiments, the 
subject was instructed to make a maximal voluntary contrac­
tion when the tone sounded and to maintain the contraction 
for the duration of the tone (Caldwell et al., 197%). The
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m e a s u r e m e n t  was made by t h e  c o m p u t e r  which was p ro g ram m ed  a s  
f o l l o w s :
1. When t h e  i n i t i a t i o n  s i g n a l  was g i v e n  by t h e  e x p e r ­
i m e n t e r ,  t h e  c o m p u t e r  s o u n d e d  t h e  t o n e  a n d  a w a i t e d  
a  s i g n i f i c a n t  f o r c e  e x e r t i o n .
2 .  When a p p r e c i a b l e  a m o u n t  o f  f o r c e  ( 0 . 5  kg) was d e ­
t e c t e d ,  t h e  c l o c k  was s e t  a t  z e r o  a n d  t h e  compu­
t e r  b e g a n  s a m p l i n g  a t  t h e  r a t e  o f  20 s a m p l e s  p e r  
s e c o n d .  I t  c o n t i n u e d  s a m p l i n g  u n t i l  f i v e  s e c o n d s  
h a d  e l a p s e d .
3 .  A f t e r  f i v e  s e c o n d s ,  s a m p l i n g  was s t o p p e d  a n d  t h e
t o n e  was t u r n e d  o f f .  The d a t a  was p r i n t e d  o u t
w i t h  t h e  f o l l o w i n g  s t a t i s t i c s :  (a) t h e  mean v a l u e
(MV), t h e  maximum (MAX), t h e  minimum (MIN),  t h e  
s t a n d a r d  d e v i a t i o n  (S D ) , and  t h e  maximum o n e - s e c ­
ond moving  a v e r a g e  (MAVG). To c a l c u l a t e  t h e  MAX, 
MIN, MV, a n d  SD, o n l y  t h e  m i d d l e  t h r e e  s e c o n d s  
d a t a  w e re  u s e d ;  t h a t  i s ,  t h e  f i r s t  s e c o n d  ( t o  a l ­
low  n e u r o - m u s c u l a r  r e s p o n s e )  and  t h e  l a s t  s e c o n d  
( t o  a v o i d  n e u r o - m u s c u l a r  f a t i g u e )  d a t a  w e r e  e x ­
c l u d e d .  I n  t h e  MAVG c a l c u l a t i o n ,  t h e  c o m p u t e r  
s e a r c h e d  f o r  t h e  h i g h e s t  a v e r a g e  o f  o n e  s e c o n d  d u ­
r a t i o n  w h ic h  o c c u r r e d  d u r i n g  t h e  f i v e  s e c o n d  b o u t  
o f  e x e r c i s e .
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4 . A f t e r  t h e  d a t a  p r i n t o u t  was c o m p l e t e d ,  t h e  compu­
t e r  was r e s e t  f o r  t h e  n e x t  m e a s u r e m e n t .
I n  a l l  s t r e n g t h  m e a s u r e m e n t s ,  t h e  f o r e a r m  and  u p p e r  
a rm w ere  r e s t r a i n e d  s o  t h a t  t h e i r  c o n t r i b u t i o n  t o  t h e  f o r c e  
i n  t h e  m e a s u r e m e n t s  o f  g r i p ,  i n d e x ,  and  thum b  s t r e n g t h  was 
k e p t  t o  a  minimum. F o r  c o n s i s t e n c y ,  t h e  a n g l e  a t  t h e  e lb o w  
j o i n t  was p l a c e d  a t  120 d e g r e e s  a n d  t h a t  o f  t h e  s h o u l d e r  
j o i n t  was a b d u c t e d  30 d e g r e e s  f r o m  t h e  t o r s o .  F u r t h e r m o r e ,  
t h e  e l b o w  was r e s t r a i n e d  by a  s t o p  a t t a c h e d  t o  t h e  b a c k  o f  
t h e  a r m r e s t  wh ich  p r e v e n t e d  t h e  arm f r o m  m ov ing  b a c k w a r d s .
T h e  s u b j e c t s  w e re  n o t  g i v e n  q u a n t i t a t i v e  f e e d b a c k  o f  
p e r f o r m a n c e  b u t  t h e y  w e re  g i v e n  q u a l i t a t i v e  f e e d b a c k  w h ic h  
was  n e c e s s a r y  t o  m a i n t a i n  t h e  c o o p e r a t i v e  a t m o s p h e r e .  The 
same m e t h o d o l o g y  was a p p l i e d  t o  t h e  m e a s u r e m e n t s  o f  g r i p  
s t r e n g t h ,  i n d e x  s t r e n g t h ,  a n d  th u m b  s t r e n g t h .
T h e  sam e  a p p a r a t u s  was u s e d  t o  m e a s u r e  f a t i g u e  p a t ­
t e r n s  o f  m u s c u l a r  p e r f o r m a n c e  a s  was u s e d  f o r  t h e  s t r e n g t h  
m e a s u r e m e n t s .  H o w e v e r ,  t h e  c o m p u t e r  p r o g r a m s  u s e d  f o r  t h e  
m e a s u r e m e n t s  w e re  d i f f e r e n t .  Two p r o g r a m s  w e r e  e m p l o y e d ,  one  
f o r  t h e  c o n t i n u o u s l y  s u s t a i n e d  i s o m e t r i c  e x e r c i s e  (CONT) an d  
t h e  o t h e r  f o r  t h e  r h y t h m i c  i s o m e t r i c  e x e r c i s e  (RYTH). The  
p r o g r a m  CONT was p r e p a r e d  t o  s a m p l e  a n d  t o  p r o c e s s  d a t a  a s  
f o l l o w s :
1. when t h e  c o m p u t e r  r e c e i v e d  t h e  i n i t i a t i o n  s i g n a l ,  
i t  s o u n d e d  t h e  t o n e  a n d  a w a i t e d  a  s i g n i f i c a n t  
f o r c e  e x e r t i o n .
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2 .  When a n  a p p r e c i a b l e  a m o u n t  o f  f o r c e  was d e t e c t e d ,  
t h e  c l o c k  was  s e t  a t  z e r o  an d  s a m p l i n g  was b e g u n .
3 .  D a t a  was s a m p l e d  e v e r y  o t h e r  s e c o n d  a t  t h e  r a t e  o f  
20 s a m p l e s  p e r  s e c o n d  w h i l e  t h e  s u b j e c t  c o n t i n u ­
o u s l y  e x e r t e d  f o r c e  a t  t h e  MVC l e v e l .
4 .  At t h e  e n d  o f  e a c h  o n e  s e c o n d  s a m p l i n g  p e r i o d ,  
d a t a  was s u m m a r i z e d  i n t o  t h e  MV, SD, MAX, a n d  MIN. 
T h e s e  v a l u e s  were  s t o r e d  i n  t h e  c o m p u t e r  memory 
f o r  l a t e r  p r i n t o u t .
5.  S a m p l i n g  was s t o p p e d  a f t e r  t w o  m i n u t e s  o r  s o o n e r  
i f  t h e  s a m p l e d  d a t a  e f f e c t i v e l y  f e l l  t o  z e r o  (< 3 .5  
k g ) .
6 .  The d a t a  was  p r i n t e d  a n d  t h e  c o m p u t e r  was r e s e t  
f o r  t h e  n e x t  m e a s u r e m e n t .
The  p r o g r a m  RYTH was s i m i l a r  t o  CONT w i t h  t h e  e x c e p ­
t i o n  o f  t h e  s u b j e c t  c u e s  a n d  t h e  s a m p l i n g  p r o c e d u r e .  RYTH 
s o u n d e d  t h e  t o n e  a n d  w a i t e d  f o r  a n  a p p r e c i a b l e  amount  o f  
f o r c e .  As s o o n  a s  t h i s  was d e t e c t e d ,  t h e  c l o c k  was s e t  t o  
z e r o  and  d a t a  s a m p l i n g  was b e g u n  a t  t h e  r a t e  o f  20 s a m p l e s  
p e r  s e c o n d .  At t h e  e n d  o f  e a c h  o n e  s e c o n d  s a m p l i n g  p e r i o d ,  
t h e  t o n e  was t u r n e d  o f f  f o r  a one  s e c o n d  r e s t  p e r i o d .  At 
t h e  e n d  o f  t h e  r e s t  p e r i o d ,  t h e  t o n e  s o u n d e d  r e q u e s t i n g  t h a t  
t h e  s u b j e c t  a g a i n  e x e r t  maximum f o r c e .  T h i s  p r o c e d u r e  was 
r e p e a t e d  f o r  s i x  m i n u t e s  o r  u n t i l  t h e  s a m p l e d  d a t a  e f f e c ­
t i v e l y  f e l l  t o  z e r o .
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The s t a t i s t i c s  p r i n t e d  o u t  by RYTH w e r e  same a s  t h o s e  
by CONT e x c e p t  f o r  t h e  t o t a l  number  o f  d a t a  p o i n t s  u sed  f o r  
c a l c u l a t i o n .  To a l l o w  f o r  n e u r o - m u s c u l a r  r e s p o n s e  t i m e *  t h e  
f i r s t  5 d a t a  p o i n t s  ( i . e . ,  300 m i l l i s e c o n d s )  w e re  i g n o r e d .
T h e r e f o r e ,  o n l y  15 d a t a  p o i n t s  were u sed  t o  o b t a i n  t h e  mean 
v a l u e  f o r  r h y t h m i c  i s o m e t r i c  e x e r c i s e  w h e r e a s  a l l  20 d a t a  
p o i n t s  were  u sed  f o r  s u s t a i n e d  e x e r c i s e .
3 . 6  PROCEDURES
B e f o r e  s t a r t i n g  t h e  e x p e r i m e n t s ,  a n t h r o p o m e t r i c  mea­
s u r e m e n t s  o f  e a c h  o f  t h e  s u b j e c t s  w e re  made. S u b j e c t s  t h e n  
p e r f o r m e d  MVC e x e r c i s e s  t o  f a m i l i a r i z e  t h e m s e l v e s  w i t h  t h e  
e x p e r i m e n t a l  p r o c e d u r e s .  S i n c e  t h e  same e q u i p m e n t  a n d  
p r o c e d u r e s  were  u s e d  t o  m e a s u r e  s t r e n g t h  t h r o u g h o u t  t h e  i n ­
v e s t i g a t i o n  i t  was  f e l t  t h a t  e x t e n s i v e  t r a i n i n g  was n o t  
n e e d e d  p r i o r  t o  e a c h  e x p e r i m e n t .  However ,  a d d i t i o n a l  f a m i l ­
i a r i z a t i o n  was a l l o w e d  e a c h  o f  t h e  s u b j e c t s  when t h e  mea­
s u r e m e n t s  o f  r h y t h m i c  i s o m e t r i c  e x e r c i s e  w e r e  made.
The s u b j e c t s  w e re  i n f o r m e d  o f  t h e  p r e - t r i a l  r e q u i r e ­
m e n t s  b e f o r e  a p p e a r i n g  a t  t h e  l a b o r a t o r y  a s  f o l l o w s :  (a)
r e f r a i n  f rom  any  h e a v y  e a t i n g  o r  d r i n k i n g  a t  l e a s t  one  h o u r  
b e f o r e  t h e  t r i a l ,  (b) r e f r a i n  f ro m  h e a v y  e x e r c i s e ,  e s p e ­
c i a l l y  t h a t  which  i n v o l v e s  h e a v y  u s a g e  o f  t h e  h a n d s  and  a r m s  
f o r  a t  l e a s t  a  d a y  b e f o r e  t h e  e x p e r i m e n t .
« S i m p l e  r e a c t i o n  t i m e  u s u a l l y  r a n g e s  from 150 t o  200 m sec .  
(M cCormick , 1 9 7 6 ) .
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3 . 6 . 1  E x £ e r i n e n t a 1 P r o c e d u r e s
The  b a s i c  e x p e r i m e n t a l  p r o c e d u r e s ,  w h i c h  a r e  o u t l i n e d  
i n  F i g u r e  1 2 ,  c o n s i s t e d  o f :  (a )  e q u i p m e n t  p r e p a r a t i o n ,  (b)
s u b j e c t  p r e p a r a t i o n ,  a n d  (c) m e a s u r i n g  a n d  r e c o r d i n g  
s t r e n g t h .
The  p r o c e d u r e  u s e d  t o  p r e p a r e  t h e  e q u i p m e n t  i s  i l l u s ­
t r a t e d  i n  F i g u r e  13.  B e f o r e  t h e  s u b j e c t s  a r r i v e d  a t  t h e  l a ­
b o r a t o r y ,  t h e  e n v i r o n m e n t a l  c h a m b e r  was s e t  a t  t h e  d e s i r e d  
t e m p e r a t u r e  a n d  h u m i d i t y  l e v e l .  The d y n a m o m e t e r  was c a l i b ­
r a t e d  a n d  t e s t e d  u s i n g  known w e i g h t s .  The a p p a r a t u s  was a d ­
j u s t e d  f o r  t h e  d e s i r e d  m e a s u r e m e n t .  The  o p e r a t i o n  o f  t h e  
c o m p u t e r  p r o g r a m  was t e s t e d  u s i n g  b o t h  known w e i g h t s  a n d  t h e  
r e s e a r c h e r ' s  s t r e n g t h .
Dpon a r r i v a l ,  t h e  s u b j e c t s  w ere  p r e p a r e d  f o r  t h e  
t e s t s  i n  t h e  e n v i r o n m e n t a l  c h a m b e r .  They w e r e  b r i e f e d  on 
t h e  n a t u r e  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e .  S e v e r a l  m a r k s  
w e re  i n k e d  o n  t h e  s u b j e c t s '  h a n d s  a n d  f o r e a r m s  s o  t h a t  t h e  
w r i s t  o r i e n t a t i o n s  a n d  h a n d / f i n g e r  p o s i t i o n s  w e r e  c o n s i s ­
t e n t .  The s u b j e c t s  w e re  t r a i n e d  t o  e x e r t  a maximum v o l u n ­
t a r y  c o n t r a c t i l e  f o r c e .
Random n u m b e r s  w ere  g e n e r a t e d  b y  t h e  c o m p u t e r  t o  e s ­
t a b l i s h  t h e  e x p e r i m e n t a l  s e q u e n c e  o f  s u b j e c t s ,  w r i s t  o r i e n ­
t a t i o n s ,  a n d  h a n d l e / r i n g  s p a n s .
The  g r i p  s p a n  was a d j u s t e d  t o  t h e  i n d i v i d u a l ' s  h a n d  
s i z e  by m o v in g  t h e  s e c o n d a r y  h a n d l e  t o  o r  aw ay  f r o m  t h e  p r i -
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Figure 12: Basic procedure used throughout experiments
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F i g u r e  13;  P r o c e d u r e  f o r  p r e p a r i n g  e q u i p m e n t
mary h a n d l e  i n  r e f e r e n c e  t o  t h e  a n a t o m i c a l  l a n d m a r k s  p r e v i ­
o u s l y  d e f i n e d .  The  i n d e x  p o s i t i o n  was a d j u s t e d  by  m oving  
t h e  f o r c e  r i n g  t o  o r  away  f ro m  t h e  p r i m a r y  h a n d l e  i n  r e f e r ­
e n c e  t o  t h e  a n a t o m i c a l  l a n d m a r k s  p r e v i o u s l y  m e n t i o n e d .  The 
thum b  p o s i t i o n  was  a d j u s t e d  b y  u s i n g  a  p u l l e y  t o  c h a n g e  t h e  
d i r e c t i o n  o f  f o r c e  a n d  b y  moving t h e  f o r c e  r i n g  t o  o r  away 
f r o m  t h e  p r i m a r y  h a n d l e .
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When a l l  a d j u s t m e n t s  w e re  c o m p l e t e d ,  s t r e n g t h  
m e a s u r e m e n t s  w ere  made by r e c o r d i n g  t h e  f o r c e  e x e r t e d  d u r i n g  
a f i v e  s ' c o n d  m a x im a l  e x e r t i o n  on t h e  d y n a m o m e t e r .  D u r i n g  
t h e  m e a s u r e m e n t ,  s u b j e c t s  w ere  e n c o u r a g e d  t o  a p p l y  a s  much 
f o r c e  t o  t h e  a p p a r a t u s  a s  p o s s i b l e .  The p r o c e d u r e  u s e d  i n  
t h e  m u s c u l a r  e n d u r a n c e  m e a s u r e m e n t s  i s  shown i n  F i g u r e  1 h 
and  F i g u r e  15.  A f t e r  t h e  s u b j e c t s  were  f a m i l i a r  w i t h  t h e  
p r o c e d u r e s ,  t h e y  p e r f o r m e d  t h e  e x p e r i m e n t a l  t a s k s  i n  random  
a n d  c o u n t e r - b a l a n c e d  s e q u e n c e  t o  m i n i m i z e  t h e  e f f e c t  o f  f a ­
t i g u e .
A minimum p e r i o d  o f  t w e l v e  m i n u t e s  r e s t  was a l l o w e d  
b e t w e e n  m e a s u r e m e n t s  ( C l a r k e ,  1 9 6 2 ) .  A t o n e  g e n e r a t o r  was 
u s e d  t o  d i r e c t  t h e  s u b j e c t s  i n  p e r f o r m i n g  t h e  e x p e r i m e n t a l  
t a s k s  t h r o u g h o u t  a l l  t r i a l s .  A t e s t  was s t o p p e d  when t h e  
s u b j e c t  c o u l d  no  l o n g e r  c o n t i n u e ,  A s u f f i c i e n t  t i m e  was a l ­
lo w e d  b e f o r e  t h e  i n i t i a t i o n  o f  t h e  f i r s t  t r i a l  s o  t h a t  t h e  
s u b j e c t  c o u l d  a d j u s t  t o  t h e  a m b i e n t  t e m p e r a t u r e  s e t  i n  t h e  
e n v i r o n m e n t a l  c h a m b e r .  To m i n i m i z e  t h e  v a r i a t i o n s  o f  o t h e r  
u n c o n t r o l l e d  f a c t o r s ,  e x p e r i m e n t s  w e r e  h e l d  a t  t h e  same t i m e  
o f  d a y .
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Figure 14: Rhythmic isometric exercise test procedure
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CHAPTER IV 
RESULTS AND DISCUSSION
To e x a m i n e  t h e  s i g n i f i c a n t  e f f e c t s  o f  t h e  i n d e p e n d e n t  
v a r i a b l e s  on t h e  d e p e n d e n t  v a r i a b l e ,  s t a t i s t i c a l  a n a l y s e s  
w e re  p e r f o r m e d  u s i n g  t h e  s o f t w a r e  p a c k a g e s  o f  t h e  S t a t i s t i ­
c a l  A n a l y s i s  S y s t e m  (SAS),  B i o m e d i c a l  C o m p u te r  P r o g r a m s  
(BHDP), a n d  t h e  S t a t i s t i c a l  P a c k a g e  f o r  t h e  S o c i a l  S c i e n c e s  
(SPSS) a v a i l a b l e  a t  t h e  U n i v e r s i t y  o f  Oklahom a ( B a r r  a t  a l . ,  
1 9 7 6 ;  D i x o n ,  197 7 ;  a n d  Nie  e t  a l . ,  1 9 7 5 ) .  The d a t a  was a n a ­
l y z e d  i n  tw o  f o r m s ,  f i r s t ,  t h e  raw d a t a  was u s e d  d i r e c t l y  a s  
t h e  v a l u e s  o f  t h e  d e p e n d e n t  v a r i a b l e  f o r  t h e  a n a l y s i s  o f  
s t r e n g t h  p e r f o r m a n c e .  As m e n t i o n e d  e a r l i e r ,  m o s t  o f  t h e  raw  
d a t a  c o l l e c t e d  was o f  tw o  t y p e s :  t h e  mean v a l u e  o f  t h e
t h r e e  s e c o n d  s a m p l e s  (HV) a n d  t h e  maximum o n e - s e c o n d  m o v in g  
a v e r a g e  (MAVG). A l t h o u g h  t h e  t - t e s t  c o m p a r i n g  HV a n d  HAVG 
was  n o t  s i g n i f i c a n t ,  MAVG was u s e d  t h r o u g h o u t  t h e  a n a l y s e s  
f o r  t h e  f o l l o w i n g  r e a s o n s :  (a) MAVG i s  more  a c c u r a t e  t h a n
HV i n  e v a l u a t i n g  maximum s t r e n g t h ,  (b) t h e  SD o f  MAVG i s  
s m a l l e r  t h a n  t h a t  o f  MV, a n d  (c) t h e  mean s t r e n g t h  f o r  o n e -  
s e c o n d  s a m p l e s  c o i n c i d e s  w i t h  t h e  o n e - s e c o n d  m e a s u r e m e n t  
u s e d  i n  t h e  f a t i g u e  s t u d i e s .
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F o r  t h e  f a t i g u e  s t u d i e s ,  a r e l a t i v e  s t r e n g t h  s c o r e  
(RSS) i n d e x  was o b t a i n e d  by d i v i d i n g  e a c h  o b s e r v a t i o n  v a l u e  
by t h e  i n i t i a l  o b s e r v a t i o n  v a l u e .  T h i s  r e l a t e d  t h e  v a r i o u s  
s t r e n g t h  v a l u e s  t o  a common b a s e  f o r  e a c h  s u b j e c t .  T h i s  i n ­
d ex  was u s e d  t o  o b t a i n  r e g r e s s i o n  c u r v e s  o f  t h e  f a t i g u e  
c h a r a c t e r i s t i c s .  The i n d e x  was  f u r t h e r  m u l t i p l i e d  by  100 
( p e r c e n t a g e )  a n d  u s e d  i n  an  a n a l y s i s  o f  v a r i a n c e  (ANOVA).
4 . 1  GRIP STEMG ï H PEEFORMANÇE
The i n d e x  o p e r a t i o n  a n d  t h e  thumb o p e r a t i o n  g r i p s  
w e re  e v a l u a t e d  i n  t e r m s  o f  s t r e n g t h  and a n a l y z e d  by  t h e  
ANOVA, T a b l e  8 d e p i c t s  t h e  s i g n i f i c a n t  e f f e c t s  a s  w e l l  a s  
s i g n i f i c a n t  i n t e r a c t i o n s  ( a l p h a  = 0 . 0 0 0 1  t o  0 . 0 5 4 ) .
T a b l e  8
S i g n i f i c a n t  e f f e c t s  a n d  i n t e r a c t i o n s  f o r  g r i p  s t r e n g t h
S o u r c e DF SS F PR > F
W r i s t  o r i e n t a t i o n (W) 1 3 8 4 . 0 1 3 4 . 3 0 0 . 0 0 4
G r i p  s p a n  (P) 2 4 2 1 . 7 5 6 .  80 0 . 0 1 8
WxP 2 3 0 4 . 6 1 1 6 . 0 3 0. 001
G r i p  t y p e  (T) 1 1 5 7 2 . 0 6 4 5 , 3 3 0 . 0 0 2
PxT 2 3 5 . 5 4 1 0 . 6 8 0 . 0 0 5
G e n d e r  (G) 1 8 0 2 5 . 3 7 7 . 2 5 0 , 0 5 4
TxG 1 3 1 6 . 4 4 9 . 1 3 0 . 0 3 9
S u b j e c t  (S (G) ) 4 4 4 2 6 . 0 3 1 1 5 . 8 3 0 . 0 0 0
PxS (G) 8 2 4 7 . 9 3 3 . 2 5 0 . 0 0 3
TXS(G) 4 1 3 8 . 7 1 3 . 6 3 0 . 0 0 9
WxTxS (G) 4 1 9 8 . 7 5 5 . 2 0 0 .0 0 1
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A l l  main  e f f e c t s  a n d  some i n t e r a c t i o n s  w e re  h i g h l y  
s i g n i f i c a n t .  S i n c e  t h e  s u b j e c t s  w e re  s e l e c t e d  b a s e d  on  
t h e i r  s t r e n g t h  ( s e e  T a b l e  3 ) an d  f u l l  g r i p  s t r e n g t h  was  
h i g h l y  c o r r e l a t e d  t o  p a r t i a l  g r i p  s t r e n g t h  ( s e e  T a b l e  9 ) ,  
i t  was e x p e c t e d  t h a t  i n d i v i d u a l  s u b j e c t  s t r e n g t h  (S (G)) an d  
g e n d e r  (G) w o u ld  b e  s i g n i f i c a n t .  I n d e e d ,  t h e y  w e re  h i g h l y  
s i g n i c a n t ,  w h ich  c o n f i r m s  t h e  a p p r o p r i a t e n e s s  o f  t h e  s u b j e c t  
c l a s s i f i c a t i o n .
T a b l e  9
C o e f f i c i e n t s  o f  c o r r e l a t i o n  b e t w e e n  t h e  t h r e e  g r i p  s t r e n g t h s
w i t h  s i g n i f i c a n c e  l e v e l s
f u l l
g r i p
no  th u m b  
g r i p
no i n d e x  
g r i p
f u l l  g r i p 1 .0 0 0 0 . 9 4 8 3 3 0 . 9 3 0 4 5
0 . 0 0 0 0 . 0 0 3 9 0 . 0 0 7 1
no thumb 0 .9 4 8 3 3 1 . 0 0 0 0 . 9 3 0 3 3
0 . 0 0 3 9 0 . 0 0 0 0 . 0 0 7 1
no i n d e x 0 . 9 3 0 4 5 0 . 9 3 0 3 3 1 .0 0 0
0 .0 0 7 1 0 . 0 0 7 1 0 . 0 0 0
I__
The p r i m a r y  p u r p o s e  o f  t h e  e x p e r i m e n t  was t o  d e t e r ­
m ine  i f  t h e r e  was a  s i g n i f i c a n t  d i f f e r e n c e  i n  s t r e n g t h  b e t ­
ween t h e  tw o  g r i p  t y p e s .  The  d i f f e r e n c e  i n  s t r e n g t h  was  
s i g n i f i c a n t  ( a l p h a  = 0 . 0 0 2 )  . The s t r e n g t h  o f  t h e  thumb o p ­
e r a t i o n  g r i p  r a n g e d  f r o m  68% t o  99% o f  f u l l  g r i p  s t r e n g t h
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w i t h  a n  a v e r a g e  o f  82%, The  s t r e n g t h  o f  t h e  i n d e x  o p e r a t i o n  
g r i p  r a n g e d  f ro m  53% t o  79% o f  f u l l  g r i p  s t r e n g t h  w i t h  an 
a v e r a g e  o f  60%. The am o u n t  o f  r e d u c t i o n  i n  s t r e n g t h  a g r e e d  
w i t h  p r e v i o u s  work p e r f o r m e d  by  f i a z e l t o n  e t  a l .  (1975) w h e r e  
t h e  c o n t r i b u t i o n  o f  e a c h  f i n g e r  t o  t h e  f u l l  g r i p  had b e e n  
s t u d i e d .  The  mean v a l u e s  o f  g r i p  s t r e n g t h  a r e  l i s t e d  i n  Ta ­
b l e  10.  The  r e a s o n  f o r  t h e  r e d u c e d  p e r f o r m a n c e  o f  t h e  i n d e x  
o p e r a t i o n  g r i p  i s  s t r a i g h t f o r w a r d  a n d  o b v i o u s l y  d u e  t o  t h e  
l a c k  o f  t h e  i n d e x  f i n g e r  i n  g r i p p i n g .  H o w e v e r ,  t h e  a t t r i ­
b u t a b l e  f a c t o r  f o r  t h e  d e c r e a s e d  p e r f o r m a n c e  o f  t h e  thumb 
o p e r a t i o n  g r i p  i s  r a t h e r  i n d i r e c t .  A l t h o u g h  t h e  thumb was 
p l a c e d  a t  t h e  u p r i g h t  p o s i t i o n  w i t h  c o m f o r t a b l e  f l e x i o n ,  t h e  
t h e n a r  e m i n e n c e  a n d  t h e  l a t e r a l  s i d e  o f  t h e  thum b were  a b l e  
t o  f u l l y  p a r t i c i p a t e  i n  g r i p p i n g .  The  r e d u c e d  f o r c e  c a n  b e  
e x p l a i n e d  by t h e  l a c k  o f  e f f i c i e n t  o p p o s i t i o n  o f  t h e  t h u m b .  
I n  t h e  f u l l  g r i p ,  t h e  thumb s t a b i l i z e s  t h e  t h e n a r  e m i n e n c e  
by i t s  o p p o s i t i o n  a g a i n s t  t h e  f o r c e  a p p l i e d  by t h e  f o u r  
f i n g e r s  ( B e c h t o l ,  1954  a n d  Long e t  a l . ,  1 9 7 0 ) .  The th u m b  
o p e r a t i o n  g r i p  p a r t i a l l y  r e s t r i c t s  t h e  thum b f r o m  o p p o s i n g  
t h e  f i n g e r s .
I n  a s t u d y  o f  f u l l  g r i p  s t r e n g t h ,  T e r r e l l  (1975)  
p o i n t e d  o u t  t h a t  t h e  u l n a r l y  d e v i a t e d  w r i s t  a l l o w e d  85.1% o f  
t h e  s t r e n g t h  i n  t h e  n e u t r a l  p o s i t i o n .  O t h e r  r e s e a r c h e r s  
h a v e  r e p o r t e d  t h a t  t h e  g r e a t e s t  f o r c e  was e x e r t e d  when t h e  
w r i s t  was u l n a r l y  d e v i a t e d  ( S k o v l y ,  1967 ;  H a z e l t o n  and a s s o ­
c i a t e s ,  1 9 7 5 ) .  B e c a u s e  o f  t h e  c o n f l i c t i n g  r e s u l t s ,  t h e  e f -
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Table 10
Mean s t r e n g t h  o f  t h e  t h r e e  g r i p s  (kg)
F u l l  Ho Thumb No I n d e x
S u b j e c t  g r i p  f o r c e  % o f  f o r c e  % o f
(kg) (kg) f u l l  (kg) f u l l
S t r o n g - F e m a l e 4 1 . 9 5 2 8 . 4 8 6 7 . 9 22 .  16 5 2 . 8
A v e r a g e - F e m a l e 3 3 . 4 9 2 9 . 8 8 8 9 . 2 1 8 .7 6 5 6 . 0
W eak -F em a le 2 4 . 3 9 2 4 . 1 5 9 9 . 0 1 9 .3 1 7 9 . 2
S t r o n g - M a l e 7 3 . 8 6 53 .  53 7 2 . 5 4 1 . 5 3 5 6 . 2
A v e r a g e - M a l e 5 7 . 9 6 4 9 . 2 7 8 5 . 0 3 0 .7 4 5 3 . 0
Weak-Male 3 6 . 6 7 3 4 . 7 7 9 4 . 8 2 7 . 7 2 7 5 . 6
f e e t  o f  w r i s t  o r i e n t a t i o n  was  i n v e s t i g a t e d .  I n  t h i s  s t u d y ,  
t h e  n e u t r a l  w r i s t  p o s i t i o n  p r o d u c e d  g r e a t e r  f o r c e  t h a n  t h e  
u l n a r l y  d e v i a t e d  p o s i t i o n  ( a l p h a = 0 . 0 0 4 ) ,  F u r t h e r m o r e ,  a n a ­
l y s i s  o f  i n d i v i d u a l  s u b j e c t  d a t a  c o n f i r m e d  t h e  s u p e r i o r i t y  
o f  t h e  n e u t r a l  w r i s t  ( a l p h a = 0 . 0005  t o  0 .0 0 1 )  w i th  e x c e p t i o n  
o f  one  s u b j e c t  ( a l p h a = 0 . 4 2 7 ) .  On t h e  a v e r a g e  i n  t h i s  s t u d y ,  
t h e  u l n a r l y  d e v i a t e d  w r i s t  g e n e r a t e d  89* o f  t h e  f o r c e  d e v e l ­
o p e d  i n  t h e  n e u t r a l  w r i s t  p o s i t i o n .
F u r t h e r  i n v e s t i g a t i o n  was  made o f  t h e  r e l a t i o n s h i p  
b e t w e e n  w r i s t  a n g l e  a n d  g r i p  s t r e n g t h .  The c o e f f i c i e n t  o f  
c o r r e l a t i o n  was n o t  s i g n i f i c a n t  ( r = - 0 . 1 5 2 8 1 ) .  A l t h o u g h  t h e  
n e g a t i v e  c o e f f i c i e n t  o f  c o r r e l a t i o n  i n d i c a t e d  t h a t  s t r e n g t h  
d e c r e a s e d  a s  t h e  w r i s t  d e v i a t e d ,  t h e  e x p e r i m e n t  d i d  n o t  p r o ­
v i d e  s u f f i c i e n t  d a t a  t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p  t h o ­
r o u g h l y .  T h e  r e l a t i o n s h i p  b e t w e e n  t h e  a m o u n t  o f  w r i s t  d e v i ­
a t i o n  an d  g r i p  s t r e n g t h  r e m a i n s  u n c l e a r .
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From t h e  b i o m e c h a n i c a l  p o i n t  o f  v i e w ,  t h e  d e v i a t e d  
w r i s t  h a m p e r s  t h e  e f f i c i e n c y  o f  t h e  f l e x o r s  o f  t h e  t h u m b ,  
m i d d l e ,  r i n g ,  a n d  l i t t l e  f i n g e r s .  A n a t o m i c a l l y ,  t h e  l i n e  
p a s s i n g  t h r o u g h  t h e  m i d d l e  f i n g e r ,  c a l l e d  t h e  a x i a l  l i n e  o f  
t h e  h a n d ,  i s  r e l a t i v e l y  s t r a i g h t  when t h e  w r i s t  i s  n e u t r a l l y  
p o s i t i o n e d  ( B a s n a j i a n ,  1 9 7 0 ) .  When t h e  w r i s t  i s  d e v i a t e d ,  
t h i s  a x i a l  l i n e  i s  b e n t  a t  t h e  c a r p a l  t u n n e l  r e g i o n  a n d  
l i n e s  o f  t h e  r i n g  and  t h e  l i t t l e  f i n g e r  a r e  b e n t  f u r t h e r .  
As a r e s u l t ,  p a r t  o f  t h e  f o r c e  e x e r t e d  by  t h e  f l e x o r  m u s c l e s  
c o m p r e s s e s  t h e  c a r p a l  t u n n e l  r e g i o n .  T h e r e f o r e ,  t h e  d e v i ­
a t e d  w r i s t  r e s u l t s  i n  i n e f f i c i e n t  u se  o f  t h e  f l e x i n g  f o r c e .
The a b i l i t y  t o  f l e x  a n d  t o  o p p o s e  t h e  th u m b  may a l s o  
be r e d u c e d  by t h e  d e v i a t e d  w r i s t .  The d e v i a t e d  w r i s t  
l e n g t h e n s  t h e  thum b e x t e n s o r s ,  r e s u l t i n g  i n  e n h a n c e d  a c t i v ­
i t y  o f  t h e s e  m u s c l e s .  As s t a t e d  e a r l i e r ,  o n e  o f  t h e  m a j o r  
c o n t r i b u t i o n s  o f  t h e  thumb t o  g r i p p i n g  i s  i t s  o p p o s i t i o n  
a g a i n s t  t h e  c o u n t e r f o r c e  e x e r t e d  by t h e  f i n g e r s  { B e c h t o l ,  
1 9 5 4 ) .  The  f l e x i n g  f u n c t i o n  o f  t h e  thum b i s  h a m p e r e d  by t h e  
d e v i a t e d  w r i s t  s i n c e  t h e  maximum a v a i l a b l e  f o r c e  f o r  a n t a ­
g o n i s t s  i s  p a r t i a l l y  c a n c e l l e d  by t h e  e n h a n c e d  e x t e n s o r  a c ­
t i v i t i e s .  As a r e s u l t ,  a l o w e r  f o r c e  was e x e r t e d  by  t h e  
g r i p  o f  t h e  d e v i a t e d  w r i s t  t h a n  t h a t  o f  t h e  n e u t r a l  w r i s t .
The  e f f e c t  o f  g r i p  s p a n  (P) on s t r e n g t h  p e r f o r m a n c e  
was a l s o  s i g n i c a n t  ( a l p h a = 0 . 0 1 8 )  . The g r e a t e s t  f o r c e  was 
d e v e l o p e d  w i t h  t h e  medium s p a n ,  f o l l o w e d  by t h e  l a r g e  a n d  
s m a l l  s p a n s .  T h e  mean l e v e l s  of  p e r f o r m a n c e  f o r  t h e  l a r g e
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a n d  s m a l l  s p a n s  w e re  93% a n d  86% o f  t h e  f o r c e  e x e r t e d  by t h e  
medium s p a n .  I t  i s  w e l l  known t h a t  t h e  f o r c e  which  any  mus­
c l e  f i b e r  c a n  e x e r t  d e p e n d s  upon  t h e  l e n g t h  o f  t h e  m u s c l e  
f i b e r .  The f o r c e  i s  a t  a maximum f o r  a  l e n g t h  e g u a l  t o  1 . 2  
t i m e s  t h e  r e s t i n g  l e n g t h  a n d  d e c r e a s e s  a t  s h o r t e r  a n d  l o n g e r  
l e n g t h s  ( A s t r a n d  a n d  R o d a h l ,  1 9 7 8 ) .  The medium g r i p  s p a n  
p r o v i d e s  t h i s  o p t i m a l  m u s c l e  f i b e r  l e n g t h .  The a d v a n t a g e  o f  
t h e  medium s p a n  c a n  b e  f u r t h e r  e x p l a i n e d  f r o m  t h e  b i o m e c h a n ­
i c a l  p o i n t  o f  v i e w .  The f o r c e  a p p l i e d  t o  t h e  g r i p  h a n d l e  i s  
u t i l i z e d  more e f f i c i e n t l y  w i t h  t h e  medium s p a n  t h a n  w i t h  t h e  
l a r g e  s p a n .  The a m o u n t  o f  c o n t a c t  a r e a  b e t w e e n  t h e  h a n d  a n d
t h e  s u r f a c e  o f  a h a n d l e  i s  i n v e r s e l y  r e l a t e d  t o  t h e  s i z e  o f
t h e  g r i p  s p a n .  I n  t h e  l a r g e  s p a n ,  t h e  a m o u n t  o f  c o n t a c t  
a r e a  i s  s m a l l  w h ic h  r e s u l t s  i n  i n e f f i c i e n t  u s e  o f  a v a i l a b l e  
f o r c e .  I n  t h e  s m a l l  s p a n ,  t h e  a m o u n t  o f  c o n t a c t  a r e a  i s  
l a r g e  b u t  s h o r t e n e d  m u s c l e  f i b e r s  a r e  a l s o  p r e s e n t .  H e n c e ,  
t h e  medium s p a n  i s  t h e  b e s t  p o s i t i o n  f o r  f o r c e  e x e r t i o n .
I n  e x a m i n i n g  t h e  a n a t o m i c a l  s t r u c t u r e  o f  t h e  f l e x o r  
t e n d o n  a t t a c h m e n t  t o  t h e  p h a l a n g e s ,  t h e  s u p e r i o r i t y  o f  t h e  
medium s p a n  t o  t h e  o t h e r  s p a n s  b e c o m e s  c l e a r e r .  The t e n d o n s  
o f  t h e  F05 a r e  a t t a c h e d  t o  t h e  b a s e  o f  t h e  m i d d l e  p h a l a n g e s
w h i l e  t h o s e  o f  t h e  FDP a r e  a t  t h e  b a s e  o f  t h e  d i s t a l  p h a ­
l a n g e s .  T h e r e f o r e ,  t h e  f o r c e s  e x e r t e d  b y  b o t h  t h e  FDS a n d  
t h e  FDP a r e  e f f i c i e n t l y  a p p l i e d  t o  t h e  g r i p  h a n d l e  i n  t h e  
medium s p a n  w h e r e a s  t h e  f o r c e  e x e r t e d  by t h e  FDS i s  n o t  e f ­
f i c i e n t l y  u t i l i z e d  i n  t h e  l a r g e  s p a n  b e c a u s e  o f  t h e  e x t e n d e d
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p o s i t i o n  o f  t h e  P IP  j o i n t .  U n f o r t u n a t e l y ,  t h e  l e n g t h  o f  t h e  
p h a l a n g e s  o f  t h e  s u b j e c t s  was n o t  m e a s u r e d .  I t  was n o t  p o s ­
s i b l e  t o  make a f u r t h e r  b i o m e c h a n i c a l  a n a l y s i s  t o  i n v e s t i ­
g a t e  w h e t h e r  t h e r e  w as  a d i f f e r e n c e  i n  p e r f o r m a n c e  b e t w e e n  
t h e  s m a l l  s p a n  a n d  t h e  l a r g e  s p a n .
The  D uncan  m u l t i p l e  r a n g e  t e s t  d e t e c t e d  a s i g n i f i c a n t  
d i f f e r e n c e  i n  s t r e n g t h  b e t w e e n  t h e  medium a n d  s m a l l  s p a n s .  
H ow ever ,  t h e r e  was no  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  
medium a n d  t h e  l a r g e ,  and  b e t w e e n  t h e  l a r g e  and  t h e  s m a l l  
s p a n s .  S t a t i s t i c a l l y ,  c o m p a r i s o n s  b e t w e e n  t h e  means o f  a 
f a c t o r  may b e  o b s c u r e d  by a  s i g n i f i c a n t  i n t e r a c t i o n  (M ont­
g o m e r y ,  1 9 7 6 ) .  B e c a u s e  b o t h  H and P w e re  f i x e d  f a c t o r s  a n d  
t h e i r  i n t e r a c t i o n  was  s i g n i f i c a n t ,  c o m p a r i s o n s  b e t w e e n  m eans  
o f  P may be o b s c u r e d  by t h e  WxP i n t e r a c t i o n .
The s i g n i f i c a n t  WxP i n t e r a c t i o n  r e s u l t e d  b e c a u s e  t h e  
f o r c e  e x e r t e d  w i t h  t h e  l a r g e  s p a n  was g r e a t e r  w i th  t h e  d e v i ­
a t e d  w r i s t  t h a n  w i t h  t h e  n e u t r a l  w r i s t .  3n  t h e  o t h e r  h a n d ,  
t h e  s m a l l  a n d  medium s p a n s  w i t h  a  n e u t r a l  w r i s t  p r o v i d e d  
g r e a t e r  f o r c e  t h a n  a d e v i a t e d  w r i s t .
The i n t e r a c t i o n s  o f  PxT, TxG, and PxS (G) w e re  f o u n d  
t o  b e  s i g n i f i c a n t  ( s e e  F i g u r e  1 6 ) .  H ow ever ,  n o n e  o f  t h e s e  
i n t e r a c t i o n s  c o n f l i c t e d  w i t h  t h e  r e s u l t  t h a t  t h e  i n d e x  o p e r ­
a t i o n  g r i p  a n d  t h e  thum b o p e r a t i o n  g r i p  b o t h  p r o d u c e d  
g r e a t e r  f o r c e  a t  t h e  medium s p a n  w i t h  t h e  n e u t r a l  w r i s t  p o ­
s i t i o n  t h a n  a n y  o t h e r  p o s i t i o n .
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Figure 16: Mean grip strength as a function of various 
significant factors
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a . 2 STRINGTH PERFORMANCE OF THE INDEX
The s t r e n g t h  p e r f o r m a n c e  o f  t h e  i n d e x  f i n g e r  v a s  
e v a l u a t e d  a s  a  f u n c t i o n  o f  g e n d e r  ( G ) ,  i n d i v i d u a l  s u b j e c t  
s t r e n g t h  5 ( G ) ,  f i n g e r  p o s i t i o n  ( P ) , and  w r i s t  o r i e n t a t i o n  
( H ) . H ow ever ,  g r i p  s p a n  was f i x e d  a t  t h e  medium s p a n  
t h r o u g h o u t  a l l  t r i a l s .  T a b l e  11 s h o w s  t h e  m a in  e f f e c t s  a n d  
s i g n i f i c a n t  i n t e r a c t i o n s  ( a l p h a  < 0 . 1 0 ) ,  The e f f e c t s  o f  P 
a n d  5(G) on p e r f o r m a n c e  w e re  s i g n i f i c a n t .  On t h e  o t h e r  
h a n d ,  W and  G w ere  n o t  s i g n i f i c a n t .  A g a i n ,  t h e  d i f f e r e n c e s  
b e t w e e n  s u b j e c t s  were  h i g h l y  s i g n i f i c a n t .  H o w ev e r ,  t h e  e f ­
f e c t  o f  g e n d e r  was n o t  s i g n i f i c a n t .  The mean s t r e n g t h s  f o r  
t h e  f e m a l e  g r o u p  a n d  t h e  m a le  g r o u p  were 9 . 2  and  1 3 . 7 8  k g ,  
r e s p e c t i v e l y .  F u r t h e r  a n a l y s i s  o f  t h e  i n d i v i d u a l  s u b j e c t  
d a t a  r e v e a l e d  t h a t  t h e  i n d e x  s t r e n g t h  o f  t h e  w e a k -m a le  s u b ­
j e c t  was l e s s  t h a n  t h a t  o f  t h e  s t r o n g - f e m a l e  a n d  a v e r a g e - f e ­
m a le  s u b j e c t s .
T a b l e  11
Main  e f f e c t s  and  s i g n i f i c a n t  i n t e r a c t i o n s  f o r  i n d e x  s t r e n g t h
S o u r c e DF SS F PR>F
W r i s t  o r i e n t a t i o n  (H) 1 4 6 . 9 5 3 . 5 4 0 . 1 3 3 2
I n d e x  p o s i t i o n  (P) 2 1 5 8 . 6 8 9 . 6 1 0 . 0 0 7 5
S u b j e c t  (5 (G ) ) 4 4 6 9 . 1 8 5 7 . 5 0 0 . 0 0 0 1
G e n d e r  (G) 1 3 7 7 . 5 3 3 . 2 2 0 . 1 4 7 3
HxS (G) 4 5 3 . 1 1 6 . 5 1 0 . 0 0 0 5
P X S ( G ) a 6 6 . 0 5 4 . 0 5 0 . 0 0 1 2
WXPXS (G) 8 5 2 . 5 0 3 . 2 2 0 . 0 0 7 0
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U n l i k e  g r i p  s t r e n g t h ,  t h e  s t r e n g t h  o f  t h e  i n d e x  
f i n g e r  was n o t  a f f e c t e d  by w r i s t  o r i e n t a t i o n  ( a l p h a = 0 . 1 3 3 ) .  
T h i s  l a c k  o f  s i g n i f i c a n c e  may be  e x p l a i n e d  a n a t o m i c a l l y  a n d  
b i o m e c h a n i c a l l y  a s  f o l l o w s :  (a) b e c a u s e  o f  t h e  l o c a t i o n  o f
t h e  i n d e x  f l e x o r s ,  t h e  m u s c l e  f i b e r  l e n g t h s  a r e  l e s s  a f ­
f e c t e d  b y  t h e  d e v i a t e d  w r i s t  t h a n  a r e  t h o s e  o f  o t h e r  f i n g e r  
f l e x o r s ,  a n d  (b) t h e  a x i a l  f o r c e  d i r e c t i o n  o f  t h e  i n d e x  
f l e x o r s  i s  l e s s  h a m p e r e d  b y  t h e  d e v i a t e d  w r i s t  t h a n  i t  i s  
f o r  t h e  o t h e r  f i n g e r  f l e x o r s .  C l o s e  e x a m i n a t i o n  o f  t h e  d a t a  
f o r  t h e  i n d i v d u a l  s u b j e c t s  r e s u l t e d  i n  t h e  f o l l o w i n g :  (a)
o n e  s u b j e c t  p e r f o r m e d  b e t t e r  w i t h  t h e  d e v i a t e d  w r i s t  t h a n  
w i t h  t h e  n e u t r a l  w r i s t ,  (b) a l l  o t h e r  s u b j e c t s  p e r f o r m e d  
b e t t e r  w i t h  t h e  n e u t r a l  w r i s t .  As a r e s u l t ,  t h e  i n t e r a c t i o n  
b e t w e e n  V a n d  S(G) was s i g n i c a n t .
The  e f f e c t  o f  f i n g e r  p o s i t i o n  was h i g h l y  s i g n i f i c a n t .  
The D uncan  m u l t i p l e  r a n g e  t e s t  i n d i c a t e d  t h a t  t h e  m i d p o s i ­
t i o n  d i f f e r e d  f r o m  t h e  c l o s e  a n d  f a r  p o s i t i o n s .  The c l o s e  
a n d  f a r  p o s i t i o n s  a l l o w e d  78% a n d  75% o f  t h e  s t r e n g t h  d e v e l ­
o p e d  w i t h  t h e  m i d p o s i t i o n .  T a b l e  12 sh o w s  i n d e x  f i n g e r  
s t r e n g t h  a s  a f u n c t i o n  o f  f i n g e r  p o s i t i o n .
T a b l e  12
Mean index strength (kg) as a function of position
I n d e x  f i n g e r  p o s i t i o n  
c l o s e  medium f a r
1 0 , 6 4  1 3 . 5 8  1 0 . 2 6
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The s u p e r i o r i t y  o f  t h e  m i d p o s i t i o n  t o  o t h e r  p o s i t i o n s  
may be  e x p l a i n e d  by t h e  a n a t o m i c a l  f a c t  t h a t  t h e  FDP a n d  FDS 
t e n d o n s  a r e  a t t a c h e d  t o  t h e  b a s e  o f  t h e  d i s t a l  a n d  m i d d l e  
p h a l a n g e s ,  r e s p e c t i v e l y .  B e c a u s e  o f  t h e s e  a r r a n g e m e n t s ,  t h e  
d i s t a l  and  m i d d l e  p h a l a n g e s  e x e r t  a g r e a t e r  f o r c e  i n  t h e  
m i d p o s i t i o n  t h a n  i n  a n y  o t h e r  p o s i t i o n .  No s t a t i s t i c a l  d i f ­
f e r e n c e  b e t w e e n  t h e  c l o s e  a n d  f a r  p o s i t i o n s  was f o u n d .  The 
a m o u n t  o f  c o n t a c t  a r e a  c o v e r e d  by t h e  p h a l a n g e s  i s  a f f e c t e d  
n o t  o n l y  by  i n d i v i d u a l  hand  s i z e  b u t  a l s o  by p h a l a n g e a l  
s i z e .  I n  t h i s  e x p e r i m e n t ,  f i n g e r  p o s i t i o n  was b a s e d  on h a n d  
s i z e  b u t  n o t  on p h a l a n g e a l  l e n g t h  ( i . e . ,  t h e  t h i c k n e s s  o f  
t h e  t e s t  r i n g  d i d  n o t  c h a n g e  t h r o u g h o u t  t h e  e x p e r i m e n t ) . 
T h i s  s i t u a t i o n  made f u r t h e r  e l a b o r a t i o n  o f  t h e  b i o m e c h a n i c a l  
a n a l y s i s  i m p o s s i b l e .
An a n a l y s i s  o f  t h e  mean v a l u e s  w i t h  r e s p e c t  t o  P a n d  
S(G) s h o w ed  t h a t  a l l  b u t  one  s u b j e c t  e x h i b i t e d  t h e  g r e a t e s t  
f o r c e  a t  t h e  m i d p o s i t i o n .  T h i s  s u b j e c t  was s t r o n g e r  a t  t h e  
f a r  p o s i t i o n .  H o w ev e r ,  t h e  d i f f e r e n c e  ( 0 , 3 4  kg) b e t w e e n  
t h e  t w o  p o s i t i o n s  was n e g l i g i b l e  ( s e e  F i g u r e  1 7 ) .
The i n t e r a c t i o n s  o f  PxS(G) a n d  HxPxS (G) w e re  s i g n i f i ­
c a n t  b e c a u s e  t h e  f o r c e s  e x e r t e d  a t  d i f f e r e n t  p o s i t i o n s ,  
e s p e c i a l l y  t h e  c l o s e  a n d  f a r  p o s i t i o n s ,  v a r i e d  among t h e  
s u b j e c t s .  F i g u r e  17 i l l u s t r a t e s  t h e  i n d e x  f i n g e r  s t r e n g t h  
a s  a  f u n c t i o n  o f  w r i s t  o r i e n t a t i o n  a n d  i n d e x  p o s i t i o n .
I n  su m m ary ,  i t  was f o u n d  t h a t  f o r  f i v e  o f  t h e  s i x  
s u b j e c t s  t h e  i n d e x  e x e r t e d  g r e a t e r  f o r c e  a t  t h e  m i d p o s i t i o n
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Figure 17 : Index finger strength as a function of wrist 
orientation and index position
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t h a n  any o t h e r  p o s i t i o n  f o r  b o t h  t h e  n e u t r a l  a n d  d e v i a t e d  
w r i s t .
4 . 3  S2RENGTH PEREgRMANCE OF JHE £HDMB
The e f f e c t s  o f  w r i s t  o r i e n t a t i o n  (H) , thum b  p o s i t i o n  
(P) ,  i n d i v i d u a l  s u b j e c t  s t r e n g t h  (S (G))  a n d  g e n d e r  (3) on 
thum b  s t r e n g t h  w e re  a n a l y z e d  by t h e  ANOVA. The main  e f f e c t s  
a n d  s i g n i f i c a n t  i n t e r a c t i o n s  a r e  l i s t e d  i n  T a b l e  13.  The 
e f f e c t  o f  S (G) was  s i g n i f i c a n t  a s  e x p e c t e d .  However ,  t h e  
e f f e c t  o f  G on s t r e n g t h  was n o t  s i g n i f i c a n t  ( a l p h a = 0 . 288) . 
The mean l e v e l s  o f  p e r f o r m a n c e  f o r  t h e  f e m a l e  and m a le  
g r o u p s  w e re  4 . 8 9  a n d  6.7-8 k g ,  r e s p e c t i v e l y .  F u r t h e r  e x a m i ­
n a t i o n  o f  t h e  mean v a l u e s  f o r  t h s  i n d i v i d u a l  s u b j e c t s  re­
vealed that t h e  w e a k - m a l e  s u b j e c t  e x e r t e d  t h e  l e a s t  f o r c e  
among a l l  s u b j e c t s .  As s t a t e d  e a r l i e r ,  t h e  s u b j e c t s  w e re  
s e l e c t e d  on t h e  b a s i s  o f  t h e i r  f u l l  g r i p  s t r e n g t h .  The 
w e a k - m a l e  s u b j e c t  was s t r o n g e r  i n  g r i p  s t r e n g t h  t h a n  t h e  a v ­
e r a g e - f e m a l e  a n d  w e a k - f e m a l e  s u b j e c t s .  T h e s e  f a c t s  s u g g e s t  
t h a t  f u l l  g r i p  s t r e n g t h  i s  n o t  a  g o o d  p r e d i c t o r  o f  i n d i v i ­
d u a l  th u m b  s t r e n g t h  f o r  a g i v e n  i n d i v i d u a l .
The e f f e c t  o f  w r i s t  o r i e n t a t i o n  on s t r e n g t h  was s i g ­
n i f i c a n t  ( a l p h a = 0 . 0 3 2 ) .  The  mean thum b s t r e n g t h  w i t h  t h e  
d e v i a t e d  w r i s t  was  87% o f  t h e  s t r e n g t h  d e v e l o p e d  w i t h  t h e  
n e u t r a l  w r i s t .  As p r e v i o u s l y  m e n t i o n e d ,  t h i s  r e s u l t  c a n  
c l e a r l y  be  e x p l a i n e d  by  t h e  a n a t o m i c a l  s t r u c t u r e  o f  t h e  
th u m b .  The m u s c l e s  o f  t h e  APL, t h e  EPL a n d  t h e  EPB a c t  a s
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T a b l e  13
Main e f f e c t s  a n d  s i g n i f i c a n t  i n t e r a c t i o n s  f o r  thum b  s t r e n g t h  
r ------------- — ----- ------------------------------------- — - — - — ---------------— ------ — — — 1
S o u r c e DF SS F PE>F
W r i s t  o r i e n t a t i o n  (W) 1 3 3 . 8 9 1 0 .3 3 . 0 3 2
Thumb p o s i t i o n  (P) 7 2 3 7 . 2 5 9 .6 3 . 0 0 0
WxP 7 3 7 . 2 3 3 .9 6 . 0 0 4
G e n d e r  (G) 1 1 7 1 . 5 9 1.50 . 2 8 8
WxPxG 7 2 4 . 7 5 2 .6 4 . 0 3 2
S u b j e c t  (S(G)) 4 4 5 7 . 9 4 6 7 . 5 5 . 0 0 0
PxS (G) 28 9 8 . 5 1 2 .0 8 . 0 0 5
a n t a g o n i s t s  t o  t h e  f l e x o r s  o f  t h e  thumb ( s e e  F i g u r e  4 ) .  
When t h e  w r i s t  i s  u l n a r l y  d e v i a t e d ,  t h e  e f f e c t  o f  t h e  a n t a ­
g o n i s t s  i s  more p r o n o u n c e d  t h a n  w i t h  t h e  n e u t r a l  w r i s t .  
T h u s ,  t h e  d e v i a t e d  w r i s t  a d v e r s e l y  a f f e c t e d  thum b p e r f o r ­
m ance .
The e f f e c t  o f  thumb p o s i t i o n  on  s t r e n g t h  was h i g h l y  
s i g n i f i c a n t  ( a l p h a = 0 . 0 0 0 1 ) .  The  p o s i t i o n s  o f  t h e  thumb w ere  
c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s ^ »  b a s e d  upon t h e  d i r e c t i o n  
o f  f o r c e  e x e r t i o n :  (a) v e r t i c a l  d i r e c t i o n  p a r a l l e l  t o  t h e
s a g i t t a l  p l a n e  (DOWN), (b) h o r i z o n t a l  d i r e c t i o n  p a r a l l e l  t o  
t h e  s a g i t t a l  p l a n e  (INWARD),  and  (c) h o r i z o n t a l  d i r e c t i o n  
p e r p e n d i c u l a r  t o  t h e  s a g i t t a l  p l a n e  (OPPOSITION). Each d i ­
r e c t i o n  had  tw o  o r  t h r e e  thumb p o s i t i o n s  w i t h  e i g h t  p o s i ­
t i o n s  i n  t o t a l .
l o p o r  d e t a i l s ,  s e e  S u b s e c t i o n  3 . 3 . 4 .
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T h r o u g h  t h e  D uncan  m u l t i p l e  r a n g e  t e s t ,  i t  was  d e t e r ­
m in ed  t h a t  t h e  g r e a t e s t  f o r c e  was e x e r t e d  i n  t h e  DOWN d i r e c ­
t i o n ,  f o l l o w e d  by t h e  OPPOSITION an d  INWARD d i r e c t i o n s .  The 
mean l e v e l s  f o r  t h e  INWARD d i r e c t i o n  a n d  OPPOSITION w e re  71 % 
a n d  88% r e s p e c t i v e l y  o f  t h e  s t r e n g t h  d e v e l o p e d  i n  t h e  DOWN 
d i r e c t i o n .  T a b l e  14 shows th u m b  s t r e n g t h  a s  a  f u n c t i o n  o f  
thum b  p o s i t i o n .
T a b l e  14
Mean thumb s t r e n g t h  (kg) a s  a  f u n c t i o n  o f  p o s i t i o n
Thumb p o s i t i o n s
PI = 4 . 4 7 P2 = 4 . 6 5
P4 = 7 . 4 8 P5 = 7 . 6 1
P7 = 5 . 9 5 P8 — 6 . 0 2
P3 = 5 . 3 0  
P6 = 5 . 1 7
INWARD: P 1 = o u t s i d e ,  P 2 = m i d d l e ,  P 3 = i n s i d e  
DOWN: P 4 = h i g h ,  P 5 = m i d d l e ,  P6=low 
OPPOSITION: P 7 = m e d i u m - h i g h ,  P 8 = m i d d l e
The  p o s i t i o n a l  d i f f e r e n c e s  i n  s t r e n g t h  c a n  be  i n t e r ­
p r e t e d  by  e x a m i n i n g  t h e  n um ber  a n d  s i z e  o f  t h e  m u s c l e  f i b e r s  
i n  e a c h  f o r c e  e x e r t i o n .  F i r s t ,  t h e  m a j o r  m u s c l e s  which  p a r ­
t i c i p a t e  i n  t h e  DOWN f o r c e  d i r e c t i o n  ( i . e . ,  f l e x i o n  o f  t h e  
thumb) a r e  t h e  FPL a n d  t h e  FPB. T h e y  a r e  e x t r i n s i c  m u s c l e s  
o f  t h e  h a n d  a n d  a r e  much l a r g e r  i n  s i z e  t h a n  t h e  i n t r i n s i c  
m u s c l e s .  T h e r e f o r e ,  t h e  DOWN d i r e c t i o n  p r o v i d e d  t h e  g r e a t ­
e s t  f o r c e .  On t h e  o t h e r  h a n d ,  b o t h  OPPOSITION a n d  t h e  IN­
WARD d i r e c t i o n  u s e  t h e  i n t r i n s i c  m u s c l e s . .  The t h e n a r  t r i a d
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i s  t h e  m o s t  a c t i v e  m u s c l e  g r o u p  i n  t h e  OPPOSITION a n d  INWARD 
f o r c e  d i r e c t i o n s .  The  OPP m u s c l e  f u r t h e r  p a r t i c i p a t e s  i n  
OPPOSITION w h e r e a s  t h e  thum b  s t a b i l i z e r  o f  t h e  FPL d r o p s  o u t  
i n  t h e  INWARD d i r e c t i o n  w i t h  t h e  I P  j o i n t  i s  e x t e n d e d  ( F o r ­
r e s t  a n d  B a s m a j i a n ,  1 9 6 5 ;  F o r r e s t  a n d  Kahn, 1 9 6 8 ;  L a n d s m e e r ,  
1 9 7 6 ) ,  A l s o ,  t h e  n u m b e r  o f  m u s c l e s  p a r t i c i p a t i n g  in  OPPOSI­
TION i s  l a r g e r  t h a n  t h o s e  p a r t i c i p a t i n g  i n  t h e  INWARD d i r e c ­
t i o n .
The PxS(G) i n t e r a c t i o n  was s i g n i f i c a n t ,  i n d i c a t i n g  
t h a t  thum b s t r e n g t h  was a f f e c t e d  by t h e  i n t e r a c t i o n  o f  thum b 
p o s i t i o n  w i t h  i n d i v i d u a l  s u b j e c t  s t r e n g t h .  G r a p h i c a l  i n ­
s p e c t i o n  o f  t h e  mean v a l u e s  f o r  e a c h  P a n d  S (G) i n d i c a t e d  
t h a t  t h e  g r e a t e s t  f o r c e  was d e v e l o p e d  w i t h  t h e  m i d p o s i t i o n  
i n  t h e  DOWN d i r e c t i o n  f o r  t h e  f e m a l e s  and  w i t h  t h e  h i g h  p o ­
s i t i o n  i n  t h e  DOWN d i r e c t i o n  f o r  t h e  m a l e s .  N o te  t h a t  t h e  
d i f f e r e n c e  i n  t h e  mean v a l u e s  b e t w e e n  t h e  two p o s i t i o n s  was 
v e r y  s m a l l  ( 0 . 1 3  k g ) .
The significant WxP interaction also indicated that 
thumb strength was affected by thumb position and wrist po­
sition. Examination of the data for each W and P revealed 
that the neutral wrist position allowed the thumb to exert a 
greater force than did the deviated wrist position. How­
ever, the interaction may be observed at the middle position 
in the DOWN direction (see Figure 1 8 ) ,  Thumb strength as a 
function of wrist orientation and thumb position is shown in 
Figure 18 .
107
kg
Wrist position 
#- : neutral 
O-: deviated
10
5
PI P2 P3 PA P5 P6 P7 P8
thumb position
Subjects
kg
10
O- : female
e- : male
S5
♦  56
PI P2 P3 PA P5
thumb position
P5 P7 P8
force directions
horizontal vertical-down opposition
Pl= outside 
P2= middle 
P3= inside
P4= high 
P5= middle 
P6= low
P7= medium-high 
P8= middle
Figure 18; Thumb strength as a function of wrist 
orientation and thumb position
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U.U COMPARISON OF INDEX AND THUMB STRENGTH
On t h e  b a s i s  o f  t h e  ANOVA r e s u l t s ,  t h e  s t r o n g e s t  po ­
s i t i o n  f o r  t h e  i n d e x  f i n g e r  was t h e  m i d p o s i t i o n .  The 
s t r o n g e s t  p o s i t i o n  f o r  t h e  thum b was  t h e  m i d p o s i t i o n  i n  t h e  
DOWN d i r e c t i o n .  The d a t a  f o r  t h e s e  two p o s i t i o n s  was e x ­
t r a c t e d  f rom t h e  d a t a  c o l l e c t e d ;  mean v a l u e s  u n d e r  v a r i o u s  
e x p e r i m e n t a l  c o n d i t i o n s  w e re  c a l c u l a t e d  t o  a l l o w  f o r  q u a n t i ­
t a t i v e  c o m p a r i s o n  b e t w e e n  t h e  tw o  d i g i t s .
The f o r c e  e x e r t e d  by  t h e  th u m b  a t  i t s  s t r o n g e s t  p o s i ­
t i o n  w a s ,  on  t h e  a v e r a g e ,  o n l y  56% o f  t h e  f o r c e  ( 1 3 . 5 9  kg) 
d e v e l o p e d  a t  t h e  s t r o n g e s t  p o s i t i o n  o f  t h e  i n d e x .  The mean
v a l u e s  o f  e a c h  f i n g e r  s t r e n g t h  a r e  i l l u s t r a t e d  i n  P a r t  (a)
o f  F i g u r e  19 .
when t h e  mean v a l u e s  a r e  c o m p a r e d ,  i t  c a n  be  s e e n
t h a t  t h e  s t r e n g t h  p e r f o r m a n c e  f o r  b o t h  f i n g e r s  was r e d u c e d  
by a  d e v i a t e d  w r i s t .  On t h e  a v e r a g e ,  t h e  p e r f o r m a n c e  o f  t h e  
thum b  w i t h  a  d e v i a t e d  w r i s t  was r e d u c e d  t o  68% o f  t h e
s t r e n g t h  ( 9 , 0 4  kg) d e v e l o p e d  w i t h  a  n e u t r a l  w r i s t .  On t h e  
o t h e r  h a n d ,  t h e  s t r e n g t h  p e r f o r m a n c e  o f  t h e  i n d e x  w i t h  a d e ­
v i a t e d  w r i s t  was d e c r e a s e d  t o  83% o f  t h e  s t r e n g t h  ( 1 5 . 1 0  kg) 
e x e r t e d  by a n e u t r a l  w r i s t .  The e f f e c t  o f  a d e v i a t e d  w r i s t  
i s  shown i n  P a r t  (b) o f  F i g u r e  19 .
The r e d u c t i o n  i n  s t r e n g t h  f o r  t h e  f e m a l e  g r o u p  was 
m ore  p r o n o u n c e d  w i t h  a d e v i a t e d  w r i s t  t h a n  f o r  t h e  m a le  
g r o u p .  The mean s t r e n g t h  o f  t h e  th u m b  w i t h  a d e v i a t e d  w r i s t  
f o r  t h e  f e m a l e  g r o u p  was  54% o f  t h e  s t r e n g t h  ( 9 . 5 9  kg) d e -
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v e l o p e d  w i t h  a n e u t r a l  w r i s t  w h i l e  f o r  t h e  male  g r o u p  i t  was
84% o f  t h e  s t r e n g t h  ( 8 . 4 9  kg) d e v e l o p e d  w i t h  a n e u t r a l
w r i s t .  On t h e  o t h e r  h a n d ,  t h e  mean v a l u e  o f  t h e  i n d e x  
s t r e n g t h  w i t h  a d e v i a t e d  w r i s t  was 73% o f  t h e  s t r e n g t h  
( 1 2 . 2 4  kg) e x e r t e d  w i t h  a  n e u t r a l  w r i s t  f o r  t h e  f e m a l e
g r o u p ;  i n  t h e  m a le  g r o u p  i t  was 87% o f  t h e  s t r e n g t h  ( 1 7 . 7 5
kg) d e v e l o p e d  w i t h  a n e u t r a l  w r i s t .
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4 . 5  RESULTS OF FATIGUE STUDY
C o m p u t a t i o n a l  p r o b l e m s  w ere  e n c o u n t e r e d  i n  t h e  a n a l y ­
s i s  o f  t h e  f a t i g u e  d a t a .  When a l l  t h e  d a t a  p o i n t s  w e re  em­
p l o y e d  i n  t h e  ANOVA f o r  a n e s t e d  f a c t o r i a l  m o d e l ,  e i t h e r  t h e  
memory s t o r a g e  s p a c e  o r  t h e  r e q u i r e d  p r o c e s s i n g  t i m e  e x ­
c e e d e d  t h e  a l l o w a b l e  c a p a c i t y  o f  t h e  U n i v e r s i t y  C o m p u t in g  
S e r v i c e  a t  t h e  U n i v e r s i t y  o f  O k la h o m a .
H o w ev e r ,  t h e  r e s u l t s  o f  t h e  n o n - l i n e a r  r e g r e s s i o n  a n ­
a l y s i s  o f  f a t i g u e  p a t t e r n s  u s i n g  t h e  f u l l  s e t  o f  d a t a  p r o ­
v i d e d  a v e r y  c l o s e  f i t  t o  t h e  o b s e r v e d  d a t a .  The r e s i d u a l  
sums o f  s q u a r e s  w e re  v e r y  s m a l l ,  0 . 0 0 7 0 5  f o r  t h e  s u s t a i n e d  
i s o m e t r i c  e x e r c i s e  a n d  0 . 0 0 2 7 9  f o r  t h e  r h y t h m i c  i s o m e t r i c  
e x e r c i s e .  T h e r e f o r e ,  a l t e r n a t i n g  d a t a  p o i n t s  were  o m i t t e d  
f ro m  t h e  ANOVA t o  o v e r c o m e  t h e  c o m p u t a t i o n a l  d i f f i c u l t y  a n d  
t h e  a n a l y s i s  was p e r f o r m e d  u s i n g  o n e - h a l f  o f  t h e  c o l l e c t e d  
d a t a  s e t .
4 . 5 . 1  E â t i g u e  E & t t e r n g  R e s u l t i n g  f r o m  S u s t a i n e d  
I s o m e t r i c  E x e r g i s e
The  r e l a t i v e  s t r e n g t h  s c o r e s  a s  a  f u n c t i o n  o f  t i m e  
a r e  p r e s e n t e d  i n  T a b l e  15.  A t  30 s e c o n d s  f r o m  t h e  b e g i n n i n g  
o f  e x e r c i s e ,  t h e  i n d e x  s t r e n g t h  h a d  d e c l i n e d  by 44% w h e r e a s  
t h e  th u m b  s t r e n g t h  h a d  d e c r e a s e d  b y  32%. The d e c r e m e n t s  
a f t e r  90 s e c o n d s  w e r e  69% a n d  64% f o r  t h e  i n d e x  a n d  t h e  
t h u m b ,  r e s p e c t i v e l y .  D u r i n g  t h e  c o u r s e  o f  t h e  t w o  m i n u t e  
e x e r c i s e ,  i n d e x  s t r e n g t h  d e c l i n e d  by  72% a n d  thumb s t r e n g t h  
d e c l i n e d  by 67%.
112
Table  15
R e l a t i v e s t r e n g t h s c o r e s  f o r s u s t a i n e d  e x e r c i s e
Time I n d e x  f i n g e r Thumb
( s e c ) o b s e r v e d p r e d i c t e d o b s e r v e d p re d :
0 1 ,0 0 0 0 . 9 6 1 1 . 0 0 0 0 .9 9 1
12 . 7 2 5 .7 5 1 . 3 6 2 .8 5 1
2U . 5 7 8 . 6 0  3 . 7 5 2 . 7 3 6
36 .4 9 4 . 4 9 9 . 6 1 6 .6 4 1
48 . 4 4 6 . 4 2 6 . 5 7 5 . 5 6 3
60 . 3 8 9 .3 7 4 .5 1 1 . 4 9 9
72 . 3 5 4 . 3 3 8 . 4 5 2 . 4 4 7
84 . 2 9 5 .3 1 3 . 3 9 6 . 4 0 4
96 . 3 0 2 . 2 9 5 . 3 7 1 . 3 6 9
108 .2 6 7 .2 8 2 . 3 1 4 . 339
I t  h a s  b e e n  shown t h a t  t h e  u s e  o f  t h e  n e g a t i v e  
e x p o n e n t i a l  e q u a t i o n  i s  a d e q u a t e  t o  d e s c r i b e  t h e  f a t i g u e  
p a t t e r n s  o f  m u s c u l a r  f o r c e  e x e r t i o n s  { R o h n e r t ,  1960;  C l a r k e
a n d  G e n t r y ,  1971 ;  a n d  Ordway e t  a l . ,  1 9 7 7 ) ,  To a n a l y z e  t h e
f a t i g u e  p a t t e r n s ,  a n o n - l i n e a r  r e g r e s s i o n  a n a l y s i s  was p e r ­
f o r m e d .  The a n a l y s i s  i n d i c a t e d  t h a t  t h e  f a t i g u e  p a t t e r n s  o f  
t h e  th u m b  a n d  t h e  i n d e x  w ere  a d e q u a t e l y  d e s c r i b e d  by  t h e  
f o r m ;
ESS = a e x p  ( - b t )  + c ,  
w h e re  ESS = t h e  r e l a t i v e  s t r e n g t h  s c o r e  a t  t i m e  t ,  
a ,  b ,  a n d  c = t h e  p a r a m e t e r s  o f  t h e  f u n c t i o n .
The e q u a t i o n s  o f  t h e  r e l a t i v e  s t r e n g t h  s c o r e s  w ere  a s  f o l ­
l o w s :
I n d e x ;  RSS = G .7 0 9 e x p  ( - 0 . 0 2 9 3 t )  * 0 . 2 5 2
Thumb; RSS = 0 . 7 8 5 e x p ( - 0 . 0 1 6 4 t )  + 0 . 2 0 6 .
113
The p r e d i c t e d  v a l u e s  from t h e s e  e q u a t i o n s  a r e  l i s t e d  a l o n g  
w i t h  t h e  o b s e r v e d  v a l u e s  i n  T a b l e  1 5 .  Some o f  t h e  r e g r e s ­
s i o n  e q u a t i o n s  a r e  g r a p h e d  i n  t h e  f o l l o w i n g  f i g u r e s .  O t h e r  
e q u a t i o n s  a r e  f o u n d  i n  A p p e n d ix  F,  As shown i n  F i g u r e  2 0 ,  
t h e  r a t e  o f  s t r e n g t h  d e c r e m e n t  f o r  t h e  i n d e x  was g r e a t e r  
t h a n  f o r  t h e  thum b .
From t h e  ANOVA, i t  was d e t e r m i n e d  t h a t  a l l  t h e  main  
e f f e c t s  e x c e p t  g e n d e r  (G) w ere  s i g n i f i c a n t .  The main  e f ­
f e c t s  an d  s i g n i f i c a n t  i n t e r a c t i o n s  a r e  l i s t e d  i n  T a b l e  1 6 .  
T h e r e  was a s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  t h e  p e r f o r m a n c e s  
o f  t h e  two d i g i t s  (F) , T h e  s t r e n g t h  d e c r e m e n t  o f  t h e  i n d e x  
was g r e a t e r  t h a n  t h a t  o f  t h e  thumb a l t h o u g h  t h e  i n d e x  m a n i ­
f e s t e d  a much g r e a t e r  i n i t i a l  s t r e n g t h  a s  d i s c u s s e d  e a r l i e r .
T a b l e  16
Main e f f e c t s  a n d  s i g n i f i c a n t  i n t e r a c t i o n s  f o r  s u s t a i n e d
e x e r c i s e
r*
S o u r c e DF SS F PR>F
W r i s t  o r i e n t a t i o n  (W) 1 1 0 6 0 . 3 6 1 1 .9 5 < . 0 5
F i n g e r  (F) 1 1 0 0 6 4 .5 7 11 .25 < . 0 5
WxF 1 2 2 5 3 . 6 8 4 . 9 9 < . 10
Time (T) 8 1 7 6 0 0 0 . 9 6 6 2 . 7 9 < .0 0 1
FxT 8 2 2 8 6 . 3 0 6 . 1 6 < . 0 0 1
G e n d e r  (G) 1 4 1 4 6 . 7 9 1 . 4 7 > . 10
WxG 1 1 0 9 3 . 0 9 1 2 .3 2 < . 0 2 5
FxTxG 8 7 2 7 . 6 5 1 . 9 6 < . 10
S u b j e c t  (S (G) ) h 1 1 2 7 7 .1 1 3 1 . 9 4 < .0 0 1
FxS (G) u 3 5 7 8 . 9 0 1 0 .0 4 < . 0 0 1
HxFxS(G) 4 1 8 0 4 .9 6 5 . 1 1 < . 0 0 5
TxS (G) 32 1 1 2 1 1 .6 4 3 . 9 7 < . 0 2 5
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The f i n g e r  p o s i t i o n s  u s e d  f o r  t h i s  e x p e r i m e n t  o f f e r  
some e x p l a n a t i o n s  f o r  t h e  s u p e r i o r  p e r f o r m a n c e  o f  t h e  thum b 
a s  c o m p a r e d  t o  t h e  i n d e x .  The FDP and FDS a r e  t h e  m o s t  
a c t i v e  m u s c l e s  i n  f l e x i o n  o f  t h e  f i n g e r s .  A l t h o u g h  t h e  FDP 
t e n d o n  o f  t h e  i n d e x  a c q u i r e s  a  c e r t a i n  i n d e p e n d e n c e  i n  t h e  
f o r e a r m  r e g i o n ,  t h e  i n d e x  f l e x o r  a n d  o t h e r  f i n g e r  f l e x o r s  
a r e  a t t a c h e d  t o  a common m u s c l e  ( s e e  F i g u r e  4 ) ,  I n  t h e  e x ­
p e r i m e n t ,  t h e  o t h e r  t h r e e  f i n g e r s  were u s e d  f o r  g r a s p i n g  t h e  
h a n d l e .  T h u s ,  p a r t  o f  t h e  f o r c e  a v a i l a b l e  t o  t h e  i n d e x  h a d  
t o  b e  s h a r e d  w i t h  t h e s e  o t h e r  f i n g e r s .  Dn t h e  o t h e r  h a n d ,  
t h e  FPL, w h ich  i s  a n  i n d e p e n d e n t  m u s c l e ,  i s  t h e  m a j o r  f l e x o r  
o f  t h e  th u m b .  I n  f l e x i o n  o f  t h e  t h u m b ,  t h e  FPL i s  a s s i s t e d  
by i n t r i n s i c  m u s c l e s  s u c h  a s  t h e  APB, t h e  OPP, t h e  FPB, a n d  
t o  a s l i g h t  e x t e n t  by t h e  ADD ( F o r r e s t  and  Kahn ,  1968;  a n d  
B a s m a j i a n ,  1 9 7 0 ) .  T h e r e f o r e ,  t h e r e  a r e  d i f f e r e n c e s  b e t w e e n  
t h e  tw o  d i g i t s  i n  t h e  num ber  o f  m u s c l e  f i b e r s  a n d  t h e  a n a ­
t o m i c a l  s t r u c t u r e  o f  t h e  m u s c u l o - t e n d o n  m e c h a n i s m .
The main  e f f e c t  o f  t h e  s u b j e c t  s t r e n g t h  S(G) was s i g ­
n i f i c a n t .  T h i s  i n d i c a t e d  t h a t  t h e  mean l e v e l s  o f  t h e  r e l a ­
t i v e  s t r e n g t h  s c o r e  v a r i e d  among t h e  s u b j e c t s .  The mean r e ­
l a t i v e  s t r e n g t h  s c o r e s  o v e r  t h e  e n t i r e  t e s t i n g  p e r i o d  a r e  
l i s t e d  i n  T a b l e  17 .
The s i g n i f i c a n t  e f f e c t  o f  t i m e  (T) i n d i c a t e d  t h a t  
t h e r e  was a s t r e n g t h  d e c r e m e n t  f r o m  t h e  b e g i n n i n g  t o  t h e  end  
o f  t h e  e x e r c i s e  f o r  b o t h  f i n g e r s .  The s i g n i f i c a n t  FxT i n -
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T a b l e  17
Mean r e l a t i v e  s t r e n g t h  s c o r e s  f o r  s u s t a i n e d  e x e r c i s e  by
s u b j e c t s
F e m a le  g r o u p  M a le  g r o u p
s t r o n g  a v e r a g e  weak  s t r o n g  a v e r a g e  weak
0 . 6 2 2  0 . 5 4 8  0 . 5 8 3  0 . 4 9 9  0 . 5 5 1  0 . 5 2 9
_j
t e r a c t i o n  r e s u l t e d  b e c a u s e  t h e  i n d e x  f i n g e r  m a n i f e s t e d  a 
g r e a t e r  s t r e n g t h  d e c r e m e n t  t h a n  d i d  t h e  t h u m b .  The WxF i n ­
t e r a c t i o n  was s i g n i f i c a n t  b e c a u s e  t h e  th u m b  d e m o n s t r a t e d  a 
g r e a t e r  s t r e n g t h  d e c r e a s e  w i t h  a d e v i a t e d  w r i s t  t h a n  d i d  t h e  
i n d e x  ( s e e  F i g u r e  2 0 ) .  T h i s  e f f e c t  d u e  t o  w r i s t  o r i e n t a t i o n  
a g r e e d  w i t h  t h e  r e s u l t s  o f  t h e  MVC s t r e n g t h  s t u d y .
The  s i g n i f i c a n t  WxG i n t e r a c t i o n  r e v e a l e d  t h a t ,  i n  t h e  
d e v i a t e d  w r i s t  p o s i t i o n ,  t h e r e  was a  g r e a t e r  d e c r e m e n t  i n  
i n d e x  f i n g e r  s t r e n g t h  f o r  t h e  f e m a l e  g r o u p  t h a n  f o r  t h e  m a le  
g r o u p .  However ,  thum b s t r e n g t h  d e c r e a s e d  more  w i t h  t h e  m a le  
g r o u p  t h a n  w i t h  t h e  f e m a l e  g r o u p  ( s e e  F i g u r e  21 and  2 2 ) .  
The e f f e c t  o f  t h e  d e v i a t e d  w r i s t  was  much g r e a t e r  f o r  thum b  
s t r e n g t h  t h a n  f o r  i n d e x  s t r e n g t h  ( s e e  F i g u r e  2 0 ) .
The  TxS(G) i n t e r a c t i o n  was s i g n i f i c a n t ,  i n d i c a t i n g  
t h a t  t h e  f a t i g u e  p a t t e r n s  d u r i n g  t h e  c o u r s e  o f  t h e  e x e r c i s e  
w e r e  d i f f e r e n t  among t h e  s u b j e c t s .  T h i s  r e s u l t  d i d  n o t  
a g r e e  w i t h  t h e  f i n d i n g s  o f  p r e v i o u s  r e s e a r c h e r s .  C a l d w e l l  
(1964) r e p o r t e d  t h a t  s t r o n g e r  s u b j e c t s  show ed  a  g r e a t e r  
s t r e n g t h  d e c r e m e n t  t h a n  d i d  w e a k e r  o n e s  b u t  s t i l l  m a i n t a i n e d  
g r e a t e r  s t r e n g t h  a t  t h e  end o f  t h e  s u s t a i n e d  e x e r c i s e .  on
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t h e  o t h e r  h a n d ,  P o h n e r t  (1960)  and  C a l d w e l l  (1963)  f o u n d  
t h a t  t h e r e  was no c l e a r  r e l a t i o n s h i p  b e t w e e n  s u b j e c t  
s t r e n g t h  a n d  e n d u r a n c e  d e f i n e d  a s  t h e  t im e  f o r  w h ich  a c o n ­
s t a n t  f o r c e  c o u l d  be m a i n t a i n e d .  T h i s  s t u d y  f o u n d  a s i g n i ­
f i c a n t  TxS(G) i n t e r a c t i o n  b u t  d i d  n o t  f i n d  a c l e a r  r e l a ­
t i o n s h i p  b e t w e e n  i n d i v i d u a l  s u b j e c t  s t r e n g t h  a n d  t i m e  ( s e e  
F i g u r e  2 4 ) .
The  F x 6 ( G ) ,  FxTxG, a n d  WxFxS(G) w ere  a l s o  s i g n i f i ­
c a n t .  The s i g n i f i c a n t  FxTxG i n t e r a c t i o n  i n d i c a t e d  t h a t  d u r ­
i n g  t h e  c o u r s e  o f  e x e r c i s e ,  t h e  i n d e x  had  a g r e a t e r  r a t e  o f  
s t r e n g t h  d e c r e m e n t  t h a n  d i d  t h e  thumb and  t h e  m ale  g r o u p  d e ­
m o n s t r a t e d  a  g r e a t e r  d e c r e m e n t  t h a n  d i d  t h e  f e m a l e  g r o u p  
( s e e  F i g u r e  2 3 ) .
4 . 5 . 2  F a t i g u e  P a t t e r n s  R e s u l t i n g  f r o m  R y th m ic  
I s o m e t r i g  E x e r c i s e
The r e l a t i v e  s t r e n g t h  s c o r e s  for the rhythmic isomet­
ric e x e r c i s e  a r e  l i s t e d  i n  T a b l e  18.
At 96 s e c o n d s  f r o m  t h e  b e g i n n i n g  o f  t h e  e x e r c i s e ,  t h e  i n d e x  
a n d  t h e  thum b  s c o r e s  w e re ,  on  t h e  a v e r a g e ,  r e d u c e d  t o  59% 
a n d  61%, r e s p e c t i v e l y .  A f t e r  t h e  s i x  m i n u t e s  o f  e x e r c i s e ,  
t h e  mean l e v e l  o f  t h e  i n d e x  s c o r e s  was f u r t h e r  d e c r e a s e d  t o  
o n l y  40% o f  t h e  i n i t i a l  s t r e n g t h .  The  mean l e v e l  o f  t h e  
thum b  s c o r e s  r e m a i n e d  r e l a t i v e l y  s t a b l e  a t  53% o f  t h e  i n i ­
t i a l  s t r e n g t h .
N - ^ : n e u t r a l  w r i s t ;  RSS = , 7 5 9 e x p ( - . 0 1 6 0 t )  + .2 3 8RSS
1.0
D-#: deviated wrist; RSS = .789exp(-.0l68t) + .207
N-(J; neutral wrist; RSS = 1.140exp(-.00811t) . 1 2 2
0 -(j; deviated wrist; RSS = .738exp(-.0299t) + .257
RSS = relative strength scores 
t = time
0.5
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Figure 22: Thumb fatigue patterns for sustained exercise by gender and wrist 
orientation
RSS T - Ç ;  th u m b ;  RSS = . 7 7 1 e x p ( - . 0 1 5 7 t )  + .2 2 0
726exp(-.0212t) + .2341-9: index; RSS
814exp(-.0164t) + .175T-0; thumb; RSS
I-gi; index; RSS = .725exp(-.0392t) + .247
RSS = relative strength scores 
t = time
0.5
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F i g u r e  23; I n d e x  a n d  th u m b  f a t i g u e  p a t t e r n s  f o r  s u s t a i n e d  e x e r c i s e  b y  g e n d e r
RSS SI: RSS = . 7 0 9 e x p ( - . 0 1 3 3 t )  +  . 2 6 8
52; RSS = .706exp(-.0226t) + .238
.740exp(-.0228t) + .266 
.789exp(-.0256t) + .189
S3: RSS
S4: RSS
.683exp(-.0276t) + .292S5: RSS
.867exp(-.0171t) + .099S6: RSS
RSS = relative strength 
scores
t = time
0.5
S3
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52
7224 36 60 84 96120
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F i g u r e  2 4 :  I n d e x  a n d  th u m b  f a t i g u e  p a t t e r n s  f o r  s u s t a i n e d  e x e r c i s e  b y  s u b j e c t
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T a b l e  18
R e l a t i v e  s t r e n g t h  s c o r e s  f o r  r h y t h m i c  e x e r c i s e
Time I n d e x  f i n g e r  Thumb
( s e c )  o b s e r v e d  p r e d i c t e d  o b s e r v e d  p r e d i c t e d
0 1 .0 0 0 . 9 6 6 1 .000 . 9 8 8
32 .7 2 9 . 7 8 3 .7 8 0 .7 9 0
64 .6 6 1 . 6 6 2 .689 .6 7 6
96 . 5 8 9 . 5 8 2 .604 . 6 1 2
128 . 5 4 5 . 5 2 8 .5 8 5 . 5 7 5
160 .4 8 6 .4 9 3 .563 .5 5 4
192 . 4 6 7 . 4 6 9 .5 4 4 .5 4 2
224 . 4 6 5 .4 5 4 .516 .5 3 5
256 . 4 4 6 .4 4 3 .5 4 4 .5 3 1
288 .4 0 6 . 4 3 6 .544 .5 2 9
An e x p o n e n t i a l  r e g r e s s i o n  a n a l y s i s  was made f o r  t h e  
r h y t h m i c  e x e r c i s e .  C l a r k e  and  G e n t r y  (1971)  r e p o r t e d  t h a t  
t h e  tw o  c o m p o n e n t s  m o d e l ,  t h a t  i s ,
RSS = a e x p ( - b t )  + c  e x p ( - d t )  + e
was a d e q u a t e  t o  d e c r i b e  t h e  f a t i g u e  p a t t e r n s  o f  r h y t h m i c
i s o m e t r i c  e x e r c i s e  f o r  e lb o w  f l e x i o n .  I n  t h e i r  m o d e l ,  t h e y  
c l a i m e d  t h a t  t h e  f i r s t  c o m p o n e n t  ( a  a n d  b) o p e r a t e d  p r e d o m i ­
n a n t l y  d u r i n g  t h e  f i r s t  30 s e c o n d s  o f  e x e r c i s e  a n d  d i s a p ­
p e a r e d  t h e r e a f t e r  w h i l e  t h e  o t h e r  c o m p o n e n t  (c a n d  d) was 
d o m i n a n t  f o r  t h e  r e m a i n i n g  e x e r c i s e  t i m e .  I n  c o n t r a s t ,
Ordway e t  a l ,  (1977) r e p o r t e d  t h a t  a o n e - c o m p o n e n t  m ode l  was
s u f f i c i e n t  t o  d e s c r i b e  t h e  f a t i g u e  p a t t e r n s  o f  e lb o w  f l e x i o n  
a n d  k n e e  e x t e n s i o n .  The c u r r e n t  s t u d y  i s  i n  a g r e e m e n t  w i t h  
t h e  l a t t e r .  T h e r e f o r e ,  t h e  sam e m o d e l  a s  u s e d  i n  t h e  a n a l y ­
s i s  o f  t h e  c o n t i n u o u s  e x e r c i s e  was u s e d  f o r  t h e  r e g r e s s i o n
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a n a l y s i s  o f  t h e  r h y t h m i c  e x e r c i s e .  The a p p r o p r i a t e  
r e g r e s s i o n  e q u a t i o n s  were  a s  f o l l o w s ;
I n d e x :  RSS = 0 . 5 4 3 e x p  ( - 0 . 0 1 2 8 t )  + 0 . 4 2 3
Thumb: RSS = 0 . 4 0 9 e x p  ( - 0 . 0 1 4 7 t )  + 0 . 5 2 1 .
F i g u r e  25  i l l u s t r a t e s  t h e  f a t i g u e  p a t t e r n s  o f  t h e  i n d e x  a n d  
t h e  thum b  f o r  t h e  r h y t h m i c  e x e r c i s e .  As i n  t h e  p a t t e r n s  f o r  
t h e  s u s t a i n e d  e x e r c i s e ,  t h e  i n d e x  f i n g e r  e x h i b i t e d  a  g r e a t e r  
s t r e n g t h  d e c r e m e n t  t h a n  d i d  t h e  t h u m b .
An ANOVA was p e r f o r m e d  on t h e  r e l a t i v e  s t r e n g t h  
s c o r e s  o f  t h e  r h y t h m i c  e x e r c i s e .  The  main e f f e c t s  and s i g ­
n i f i c a n t  i n t e r a c t i o n s  a r e  p r e s e n t e d  i n  T a b l e  19.  The m a in  
e f f e c t s  o f  f i n g e r  ( F ) ,  t i m e  (T) , and i n d i v i d u a l  s u b j e c t
s t r e n g t h  S(G) w e re  s i g n i f i c a n t  w h e r e a s  g e n d e r  (G) and  w r i s t
o r i e n t a t i o n  (W) w e re  n o t  s i g n i f i c a n t .
T a b l e  19
T h e  m a in  e f f e c t s  a n d  s i g n i f i c a n t  i n t e r a c t i f o r s  on r h y t h m i c
e x e r c i s e
S o u r c e DF SS F PR>F
W r i s t  o r i e n t a t i o n  (H) 1 2 . 8 3 w  a » —  —  —
F i n g e r  (F) 1 4 2 0 3 . 8 3 9 . 6 5 < . 0 5
Time (T) 9 1 1 4 8 8 7 . 9 6 2 0 1 . 1 2 < .0 0 1
FxT 9 168 9 . 6 7 9 . 4 2 < .001
G e n d e r  (G) 1 1 7 5 3 . 2 6 "  »  c *
FxTxG 9 4 8 6 . 0 9 2 . 7 9 < . 0 5
S u b j e c t  (5 (G)) 4 8 5 7 6 . 8 3 3 0 . 4 4 < .001
WxS(G) 4 1 2 8 0 . 8 3 4 . 5 4 < .01
FxS (G) 4 1 7 4 2 . 2 0 6 .  18 < .001
WxFxS(G) 4 3 1 3 7 . 0 7 1 1 . 1 3 < .0 0 1
f ; t h u m b ,  p o o l e d ;  RSS = . 4 6 3 e x p ( - . 0 1 7 6 t )  + .5 2 6
RSS
Ilindex, pooled; RSS = .543exp(-.0128t) + .4231.0
RSS = relative strength scores 
t - time
0.5
32 64 9 6 1280 160 192 224 256 288
i\)a»
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F i g u r e  25: I n d e x  a n d  th u m b  f a t i g u e  p a t t e r n s  f o r  r h y t h m i c  e x e r c i s e
T-gi; thumb 
T - : thumb
RSS
RSS
.462exD(-0.0167t) + .525 
.464exp(-.0186t) + .526 
:-.0115t) + .458 
;-.0139t) + .384
strength scores
N)
Ul
256 288
SEC.
F i g u r e  26: I n d e x  a n d  th u m b  f a t i g u e  p a t t e r n s  f o r  r h y t h m i c  e x e r c i s e  b y  g e n d e r
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T h e r e  was a s i g n i f i c a n t  d e c l i n e  i n  t h e  s t r e n g t h  o f  
b o t h  f i n g e r s  d u r i n g  t h e  c o u r s e  o f  t h e  e x e r c i s e  a s  i n d i c a t e d  
by t h e  s i g n i f i c a n t  t i m e  (T) e f f e c t  ( s e e  F i g u r e  2 5 ) .  The 
s i g n i f i c a n t  e f f e c t  o f  F r e s u l t e d  b e c a u s e  t h e  f a t i g u e  p a t t e r n  
o f  t h e  i n d e x  was f a s t e r  t h a n  t h a t  o f  t h e  t h u m b .  T h i s  r e s u l t  
i n d i c a t e d  t h a t  d u r i n g  t h e  c o u r s e  o f  t h e  e x e r c i s e ,  t h e  f a t i ­
g u e  r a t e s  w ere  d e p e n d e n t  u p o n  t h e  m u s c l e  g r o u p s  i n v o l v e d .  
T h i s  r e s u l t  a l s o  a g r e e s  w i t h  Ordway e t  a l ,  (1977)  who s t u ­
d i e d  t h e  f a t i g u e  p a t t e r n s  o f  e l b o w  f l e x i o n  a n d  k n e e  e x t e n ­
s i o n  and  w i t h  C l a r k e  a n d  G e n t r y  (1971)  who i n v e s t i g a t e d  t h e  
f a t i g u e  r a t e s  o f  hand  g r i p  a n d  e l b o w  f l e x i o n .
The s i g n i f i c a n t  FxT i n t e r a c t i o n  was b e c a u s e  t h e  i n d e x  
showed  a g r e a t e r  s t r e n g t h  d e c r e a s e  t h a n  d i d  t h e  thum b d u r i n g  
t h e  c o u r s e  o f  t h e  e x e r c i s e .  The s i g n i f i c a n t  FxTxG i n t e r a c ­
t i o n  r e v e a l e d  t h a t  t h e  i n d e x  d e m o n s t r a t e d  a g r e a t e r  f o r c e  
d e c r e a s e  t h a n  d i d  t h e  t h u m b ,  a l t h o u g h  t h e  m a le  g r o u p  h ad  a 
g r e a t e r  r a t e  o f  d e c l i n e  t h a n  t h e  f e m a l e  g r o u p  ( s e e  F i g u r e  
26) .
I n d i v i d u a l  s u b j e c t  s t r e n g t h  was  s i g n i f i c a n t .  How­
e v e r ,  t h e  mean v a l u e s  o f  t h e  r e l a t i v e  s t r e n g t h  s c o r e s  o v e r  
t h e  e n t i r e  t e s t i n g  p e r i o d  by  s u b j e c t  were u n r e l a t e d  t o  t h e  
s u b j e c t ' s  i n i t i a l  s t r e n g t h  ( s e e  T a b l e  2 0 ) ,  F a t i g u e  p a t t e r n s  
o f  r h y t h m i c  e x e r c i s e  f o r  e a c h  s u b j e c t  a r e  i l l u s t r a t e d  i n  
F i g u r e  2 7 ,
The  WxS (G) i n t e r a c t i o n  was  s i g n i f i c a n t  a l t h o u g h  t h e  
m ain  e f f e c t  o f  w was n o t  s i g n i f i c a n t .  T h e s e  r e s u l t s  i n d i -
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T a b l e  20
Mean r e l a t i v e  s t r e n g t h  s c o r e s  f o r  r h y t h m i c  e x e r c i s e  by
s u b j e c t
F e m a le  g r o u p  Male g r o u p
s t r o n g  a v e r a g e  weak s t r o n g  a v e r a g e  weak
0 , 6 3 9  0 . 6 8 8  0 . 5 5 6  0 . 5 7 7  0 . 6 2 0  0 . 5 9 1
  j
G a t e d  t h a t  t h e  e f f e c t  o f  w r i s t  o r i e n t a t i o n  on t h e  f a t i g u e  
p a t t e r n s  was n o t  u n i v e r s a l  b u t  was d e p e n d a n t  upon t h e  i n d i ­
v i d u a l .  I n  f a c t ,  two s u b j e c t s  d e m o n s t r a t e d  h i g h e r  mean 
s c o r e s  w i t h  t h e  d e v i a t e d  w r i s t  p o s i t i o n  t h a n  w i t h  t h e  n e u ­
t r a l  w r i s t  p o s i t i o n  ( s e e  T a b l e  21 a n d  F i g u r e  2 8 ) .
The  s i g n i f i c a n t  FxS (G) a n d  HxFxS(G) i n t e r a c t i o n s  i n ­
d i c a t e d  t h a t  t h e  mean l e v e l s  o f  t h e  r e l a t i v e  s t r e n g t h  s c o r e s  
w e re  a f f e c t e d  by f i n g e r ,  s u b j e c t ,  and  w r i s t  p o s i t i o n .  
G r a p h i c a l  a n a l y s i s  o f  t h e  mean v a l u e s  o v e r  t h e s e  f a c t o r s  
r e v e a l e d  t h a t  t h e r e  w as  no g e n e r a l  t e n d e n c y  f o r  t h e  s u b j e c t s  
t o  m a i n t a i n  t h e i r  i n i t i a l  s t r e n g t h .
T a b l e  21
Mean r e l a t i v e  s t r e n g t h  s c o r e s  f o r  r h y t h m i c  e x e r c i s e  by 
s u b j e c t  and  w r i s t  o r i e n t a t i o n
SUBJECTS
W r i s t  S t r o n g  A v e ra g e  Weak
o r i e n t a t i o n  f e m a l e  m a le  f e m a l e  male  f e m a l e  m ale
N e u t r a l  0 .  615 0 . 5 6 3  0 . 6 9 2  0 .6 3 6  0 . 5 8 4  0 . 5 7 7
D e v i a t e d  0 . 6 7 0  0 . 5 5 1  0 . 6 8 4  0 . 6 0 4  0 . 5 3 9  0 . 6 0 4
RSS
1.0
0.5
SI; RSS
S2: RSS
S3: RSS
S4: RSS
S5: RSS
S6: RSS
.446exp(-.0158t) + .527 
.429exp(-.00983t)+ .529 
.578exp(-.0149t) + .402 
•533exp(-.0188t) + ,437 
.500exp(-.0145t) + .492 
.551exp(-,0155t) + .449
RSS = relative 
strength 
scores NI
00
t = time
JL _L
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F i g u r e  27: F a t i g u e  p a t t e r n s  f o r  r h y t h m i c  e x e r c i s e  b y  s u b j e c t
R S S
1.0
0 .5
T N : thumb, neutral wrist; 
TO: thumb, deviated wrist; 
I N: index, neutral wrist;
1 D: index, deviated wrist;
RSS = .454exp(-.0145t)+ .522 
= .471exp(-.0210t)+ .530 
.538exp(-.0129t)+ .417 
= .549exp(-.0127t)+.429
RSS =
RSS = relative strength scores 
t = time
32 64 96  128 160 192 224 2 5 6  2 8 8
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F i g u r e  28: I n d e x  a n d  th u m b  f a t i g u e  p a t t e r n s  f o r  r h y t h m i c  e x e r c i s e  b y  w r i s t  o r i e n t a t i o n
CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS
5 .  1 CONCLUSIONS
One s h o u l d  u s e  c o n s i d e r a b l e  c a r e  i n  a s s i g n i n g  e i t h e r  
t h e  i n d e x  f i n g e r  o r  t h e  th u m b  a s  t h e  t r i g g e r  o p e r a t o r  o f  a 
pow er  t o o l ,  When t h e  i n d e x  f i n g e r  was o m i t t e d  f r o m  t h e  
g r i p p i n g  a c t i v i t y ,  t h e  p a r t i a l  g r i p  s t r e n g t h  a v e r a g e d  60% o f  
t h e  s t r e n g t h  d e v e l o p e d  w i t h  t h e  f u l l  g r i p .  I f  t h e  thum b was 
r e s t r i c t e d  i n  t h e  g r i p p i n g  a c t i v i t y ,  t h e  p a r t i a l  g r i p  
s t r e n g t h  a v e r a g e d  82% o f  t h e  f u l l  g r i p  s t r e n g t h .
B o t h  w r i s t  o r i e n t a t i o n  and g r i p  s p a n  w ere  i m p o r t a n t  
f a c t o r s  i n  d e t e r m i n i n g  p a r t i a l  g r i p .  With  r e s p e c t  t o  w r i s t  
o r i e n t a t i o n ,  t h e  f o r c e  e x e r t e d  w i t h  a d e v i a t e d  w r i s t  a v e r ­
a g e d  89% o f  t h e  f o r c e  d e v e l o p e d  w i t h  t h e  n e u t r a l  w r i s t .  
G r i p  s t r e n g t h  was  a l s o  a f f e c t e d  by  t h e  g r i p  s p a n .  The medium 
s p a n  e x h i b i t e d  a g r e a t e r  s t r e n g t h  t h a n  d i d  t h e  s m a l l  a n d  
l a r g e  s p a n s  w h ic h  p r o v i d e d  93% and  86%, r e s p e c t i v e l y ,  o f  t h e  
s t r e n g t h  e x e r t e d  by  t h e  medium s p a n .
The s u b j e c t s  w e re  s e l e c t e d  t o  r e p r e s e n t  t h e  6 - 1 0 t h ,  
4 U - 5 5 t h  a n d  9 1 - 9 5 t h  p o p u l a t i o n  p e r c e n t i l e s  b a s e d  on f u l l  
g r i p  s t r e n g t h .  I n  t e r m s  o f  s t r e n g t h ,  t h e  r a n k  o r d e r  o f  t h e  
s u b j e c t s  i n  t h e  f u l l  g r i p  s t r e n g t h  t e s t  w as  n o t  t h e  s am e  a s
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t h e  o r d e r  f o r  t h e  p a r t i a l  g r i p  s t r e n g t h  t e s t s .  F o r  e x a m p l e ,  
t h e  a v e r a g e - f e m a l e  s u b j e c t  was s t r o n g e r  t h a n  t h e  s t r o n g - f e ­
m a le  s u b j e c t  i n  t h e  thumb o p e r a t i o n  g r i p  t e s t .  A l s o ,  t h e  
w e a k - f e m a l e  s u b j e c t  was s t r o n g e r  t h a n  t h e  a v e r a g e - f e m a l e  
s u b j e c t  i n  t h e  i n d e x  o p e r a t i o n  g r i p  t e s t .  The mean g r i p  
s t r e n g t h  f o r  t h e  f e m a l e  g r o u p  was 58% o f  t h e  s t r e n g t h  f o r  
t h e  m ale  g r o u p ,  w h ic h  was 3 5 . 5 9  k g .  A t o o l  d e s i g n e r  s h o u l d  
t a k e  t h e s e  s t r e n g t h  d i f f e r e n c e s  i n t o  c o n s i d e r a t i o n  when a s ­
s i g n i n g  t h e  t r i g g e r  f u n c t i o n .
The i n d e x  f i n g e r  e x e r t e d  t h e  g r e a t e s t  f o r c e  a t  t h e  
m i d p o s i t i o n .  The  c l o s e  a n d  f a r  p o s i t i o n s  p r o v i d e d  78% a n d  
75%, r e s p e c t i v e l y ,  o f  t h e  s t r e n g t h  d e v e l o p e d  w i t h  t h e  m i d p o ­
s i t i o n  ( 1 3 . 5 8  kg) .
The  w r i s t  o r i e n t a t i o n  d i d  n o t  a f f e c t  t h e  s t r e n g t h  
p e r f o r m a n c e  o f  t h e  i n d e x  f i n g e r .  The f i n g e r  f l e x o r  t e n d o n s  
s p r e a d  o u t  i n  a  f a n  s h a p e  i n  t h e  pa lm  r e g i o n .  T h e r e f o r e ,  t h e  
i n d e x  f l e x o r s  a r e  r a d i a l l y  d e v i a t e d  when t h e  w r i s t  i s  i n  t h e  
n e u t r a l  p o s i t i o n .  They  a r e  s t r a i g h t e n e d  when t h e  w r i s t  i s  
u l n a r l y  d e v i a t e d .  T h u s ,  t h e  p o s i t i o n  o f  t h e  d e v i a t e d  w r i s t  
d o e s  n o t  h a m p e r  i n d e x  p e r f o r m a n c e  s i g n i f i c a n t l y .  I t  was 
c o n c l u d e d ,  t h e r e f o r e ,  t h a t  t h e  i n d e x  f i n g e r  e x e r t s  t h e  
g r e a t e s t  f o r c e  when i t s  P IP  j o i n t  f l e x e s  90 d e g r e e s  a n d  e x ­
e r t s  f o r c e  t o w a r d  t h e  t h e n a r  e m i n e n c e .
U n l i k e  t h e  f i n g e r s ,  t h e  thumb h a s  a w ide  r a n g e  o f  mo­
t i o n .  I t  c a n  a d d u c t ,  a b d u c t ,  o p p o s e ,  f l e x ,  a n d  e x t e n d .  
T h r e e  f o r c e  d i r e c t i o n s  w e re  s e l e c t e d  and i n v e s t i g a t e d  i n
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t h i s  s t u d y .  The g r e a t e s t  f o r c e  e x e r t i o n  o c c u r r e d  i n  t h e  
DOWN d i r e c t i o n .  The  mean f o r  t h e  OPPOSITION a n d  INWARD d i ­
r e c t i o n s  w e re  88% a n d  71%, r e s p e c t i v e l y ,  o f  t h e  s t r e n g t h  d e ­
v e l o p e d  w i t h  t h e  DOWN d i r e c t i o n  ( 6 .7 5  k g ) .  Among t h e  p o s i ­
t i o n s  i n  t h e  DOWN d i r e c t i o n ,  t h e  m i d p o s i t i o n  e x h i b i t e d  t h e
g r e a t e s t  s t r e n g t h  w i t h  a mean o f  7 . 6 1  k g ,  f o l l o w e d  by t h e
h i g h  p o s i t i o n  ( 7 . 4 8  kg) and  t h e  low p o s i t i o n  ( 5 .1 7  k g ) .  I t  
was c o n c l u d e d  t h a t  t h e  thumb e x e r t s  t h e  g r e a t e s t  f o r c e  when 
i t  i s  p l a c e d  a t  t h e  m i d d l e  o r  h i g h e r  p o s i t i o n  w i t h  a  n e u t r a l  
w r i s t  a n d  e x e r t s  f o r c e  downward .
C o m p a r i s o n  o f  t h e  b e s t  p o s i t i o n s  o f  t h e  i n d e x  a n d  
thumb i n  s t r e n g t h  r e v e a l e d  t h a t  on  t h e  a v e r a g e ,  thum b 
s t r e n g t h  was o n l y  56% o f  t h e  i n d e x  s t r e n g t h  ( 1 3 . 5 9  k g ) . The 
mean i n d e x  s t r e n g t h  f o r  t h e  f e m a l e  g r o u p  u s i n g  a d e v i a t e d  
w r i s t  was 73% o f  t h e  s t r e n g t h  d e v e l o p e d  w i t h  a n e u t r a l  w r i s t  
( 1 0 . 2 4  k g ) .  F o r  t h e  male  g r o u p ,  t h e  mean i n d e x  s t r e n g t h  
w i t h  a d e v i a t e d  w r i s t  was 87% o f  t h e  s t r e n g t h  e x e r t e d  w i t h  a 
n e u t r a l  w r i s t  ( 1 7 . 7 5  k g ) .  The  mean thumb s t r e n g t h  f o r  t h e  
f e m a l e  g r o u p  u s i n g  a  d e v i a t e d  w r i s t  was 54% o f  t h e  s t r e n g t h  
d e v e l o p e d  w i t h  a n e u t r a l  w r i s t  ( 9 . 5 9  k g ) .  F o r  t h e  m a le  
g r o u p ,  t h e  mean thum b s t r e n g t h  w i t h  a  d e v i a t e d  w r i s t  was 84% 
o f  t h e  s t r e n g t h  d e v l o p e d  w i t h  a n e u t r a l  w r i s t  ( 8 . 4 9  k g ) .
A l a r g e r  d i f f e r e n c e  i n  s t r e n g t h  b e t w e e n  t h e  two f i n g ­
e r s  was  f o u n d  i n  t h e  m ale  g r o u p  t h a n  i n  t h e  f e m a l e  g r o u p .  
The  thum b  s t r e n g t h  w i t h i n  t h e  f e m a l e  g r o u p  was  70% o f  t h e  
i n d e x  s t r e n g t h  ( 7 . 3 9  kg) w h i l e  t h e  thum b  s t r e n g t h  w i t h i n  t h e  
m a le  g r o u p  was o n l y  47% o f  t h e  i n d e x  s t r e n g t h  ( 1 6 . 5 6  k g ) .
133
M u s c u l a r  e n d u r a n c e  o f  t h e  i n d e x  a n d  thumb was 
i n v e s t i g a t e d  u s i n g  c o n t i n u o u s  i s o m e t r i c  e x e r c i s e  a n d  e v a l u ­
a t e d  by t h e  a b i l i t y  o f  m u s c l e s  t o  m a i n t a i n  t h e  i n i t i a l  
s t r e n g t h  o v e r  t h e  s u s t a i n e d  t i m e  p e r i o d .  N e g a t i v e  e x p o n e n ­
t i a l  r e g r e s s i o n  e q u a t i o n s  w ere  a d e q u a t e  t o  d e s c r i b e  t h e  r e ­
l a t i v e  s t r e n g t h  s c o r e s  o f  t h e  f a t i g u e  p a t t e r n s  a s  f o l l o w s :
ESS = 0 . 0 7 6 9 e x p  ( - 0 . 0 3 0 5 t )  + 0 . 2 4 7  f o r  t h e  i n d e x  f i n g e r  
w i t h  a n e u t r a l  w r i s t  a c r o s s  a l l  t i m e s  and s u b j e c t s ,
RSS = 0 . 0 6 9 9 e x p  ( - 0 . 0 2 8 2 t )  + 0 . 2 5 8  f o r  t h e  i n d e x  f i n g e r  
w i t h  a d e v i a t e d  w r i s t  a c r o s s  a l l  t i m e s  and  s u b j e c t s ,
ESS = 0 . 8 6 3 e x p  ( - 0 . 0 1 2 6 t )  + 0 . 1 4 6  f o r  t h e  thumb w i t h
a n e u t r a l  w r i s t  a c r o s s  a l l  t i m e s  a n d  s u b j e c t s ,
ESS = 0 . 7 4 8 e x p  ( - 0 . 0 2 2 3 t )  + 0 . 2 4 1  f o r  t h e  thum b w i t h
a d e v i a t e d  w r i s t  a c r o s s  a l l  t i m e s  and  s u b j e c t s .
D e t a i l s  o f  t h e  c o e f f i c i e n t s  o f  t h e  e q u a t i o n s  f o r  o t h e r  t r i ­
a l s  a r e  l i s t e d  i n  A p p e n d i x  F.
B o th  t h e  i n d e x  and  t h e  thum b u n d e r w e n t  a s t r e n g t h  d e ­
c l i n e  d u r i n g  t h e  c o a r s e  o f  t h e  s u s t a i n e d  i s o m e t r i c  e x e r c i s e .  
The i n d e x  h a d  a  g r e a t e r  r a t e  o f  d e c r e m e n t  t h a n  d i d  t h e  
th u m b .  A f t e r  t h e  t w o - m i n u t e  e x e r c i s e ,  t h e  th u m b  m a i n t a i n e d ,  
on t h e  a v e r a g e ,  4355 o f  i t s  i n i t i a l  s t r e n g t h  w h i l e  t h e  i n d e x  
e x e r t e d  o n l y  2856 o f  i t s  i n i t i a l  s t r e n g t h .  T h i s  r e s u l t  was 
m ore  p r o n o u n c e d  i n  t h e  p e r f o r m a n c e  o f  t h e  m a l e  g r o u p  t h a n  
t h a t  o f  t h e  f e m a l e  g r o u p .
T h r o u g h  t h e  ANOVA, i t  was l e a r n e d  t h a t  t h e r e  was  no  
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  f a t i g u e  p a t t e r n s  f o r  t h e  tw o
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g e n d e r s .  H ow ever ,  t h e  e f f e c t  o f  g e n d e r  i n t e r a c t e d  w i t h  t h a t  
o f  w r i s t  p o s i t i o n .  The d e v i a t e d  w r i s t  a d v e r s e l y  a f f e c t e d  
t h e  p e r f o r m a n c e  o f  t h e  i n d e x  f i n g e r  more f o r  t h e  f e m a l e  
g r o u p  t h a n  f o r  t h e  m a le  g r o u p  w h i l e  i t  a f f e c t e d  thumb p e r ­
f o r m a n c e  more  f o r  t h e  male  g r o u p  t h a n  f o r  t h e  f e m a l e  g r o u p .
The mean l e v e l s  o f  t h e  r e l a t i v e  s t r e n g t h  s c o r e  i n  t h e  
s u s t a i n e d  e x e r c i s e  v a r i e d  f ro m  one  s u b j e c t  t o  a n o t h e r .  T h i s  
s t u d y  f a i l e d  t o  s u b s t a n t i a t e  p r e v i o u s  f i n d i n g s  w h ich  1) t h a t  
s t r o n g e r  s u b j e c t s  m a i n t a i n e d  g r e a t e r  s t r e n g t h  o v e r  t h e  e n ­
t i r e  p e r i o d  o f  e x e r c i s e  ( C a l d w e l l ,  1964) a n d  2) t h a t  t h e r e  
was no r e l a t i o n s h i p  b e t w e e n  i n d i v i d u a l  s u b j e c t  s t r e n g t h  a n d  
t h e  f a t i g u e  p a t t e r n s  (B o h m e r t ,  1 9 6 0 ) .
B e c a u s e  many t o o l s  u se  r e p e a t e d  o n / o f f  o p e r a t i o n  o f  
t h e  t r i g g e r  s w i t c h ,  t h e  s t r e n g t h  p a r a m e t e r s  o f  t h e  i n d e x  a n d  
t h e  thumb w ere  e v a l u a t e d  u s i n g  r h y t h m i c  i s o m e t r i c  e x e r c i s e .  
N e g a t i v e  e x p o n e n t i a l  r e g r e s s i o n  a n a l y s i s  was u s e d  f o r  t h e s e  
d a t a .  I n  c o n t r a s t  t o  t h e  t w o - c o m p o n e n t  m ode l  a s  p r o p o s e d  by 
C l a k e  a n d  G e n t r y  ( 1 9 7 1 ) ,  a  o n e - c o m p o n e n t  m ode l  was  s u f f i ­
c i e n t  t o  d e s c r i b e  t h e  r e l a t i v e  s t r e n g t h  s c o r e s  a s  f o l l o w s :  
RSS = 0 . 5 3 8 e x p ( - 0 . 0 1 2 9 t )  + 0 . 4 1 7  f o r  t h e  i n d e x  f i n g e r
a n e u t r a l  w r i s t  a c r o s s  a l l  t i m e s  a n d  s u b j e c t s ,
ESS = 0 . 5 4 9 e x p ( - 0 . 0 1 2 7 t )  ♦ 0 . 4 2 9  f o r  t h e  i n d e x  f i n g e r
a d e v i a t e d  w r i s t  a c r o s s  a l l  t i m e s  a n d  s u b j e c t s ,
ESS = o . 4 5 4 e x p  ( - 0 . 0 1 4 5 t )  ♦ 0 . 5 2 2  f o r  t h e  th u m b  w i t h
a n e u t r a l  w r i s t  a c r o s s  a l l  t i m e s  and  s u b j e c t s ,
RSS = 0 . 4 7 1 e x p  ( - 0 . 0 2 1 0 t )  + 0 . 5 3 0  f o r  t h e  th u m b  w i t h
a d e v i a t e d  w r i s t  a c r o s s  a l l  t i m e s  a n d  s u b j e c t s .
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The c o e f f i c i e n t s  o f  t h e  e q u a t i o n s  f o r  o t h e r  t r i a l s  a r e  
l i s t e d  i n  A p p e n d i x  G.
B o th  t h e  i n d e x  a n d  t h e  thum b  d e m o n s t r a t e d  a  s t r e n g t h  
d e c r e m e n t  d u r i n g  t h e  c o u r s e  o f  t h e  i s o m e t r i c  e x e r c i s e s .  The 
i n d e x  showed  a  g r e a t e r  r a t e  o f  s t r e n g t h  d e c r e a s e  t h a n  d i d  
t h e  th u m b  a n d  t h e  m a le  g r o u p  s h o w e d  a g r e a t e r  r a t e  o f  
s t r e n g t h  d e c r e a s e  t h a n  d i d  t h e  f e m a l e  g r o u p .  A f t e r  t h e  
s i x - m i n u t e  e x e r c i s e ,  t h e  i n d e x  m a i n t a i n e d ,  on  t h e  a v e r a g e ,  
o n l y  U0% o f  i t s  i n i t i a l  s t r e n g t h  w h e r e a s  t h e  thum b m a in ­
t a i n e d  53% o f  i t s  i n i t i a l  s t r e n g t h .  With c o n t i n u o u s  e x e r ­
c i s e ,  b o t h  t h e  i n d e x  f i n g e r  a n d  t h e  thumb s h o w ed  more f a t i ­
g u e  o v e r  t i m e  t h a n  t h e y  d i d  i n  r h y t h m i c  e x e r c i s e  ( s e e  F i g u r e  
29} .
The  p o s i t i o n  o f  t h e  w r i s t  d i d  n o t  a f f e c t  p e r f o r m a n c e  
i n  t h e  r h y t h m i c  e x e r c i s e .  H o w e v e r ,  t h e  s i g n i f i c a n t  i n t e r a c ­
t i o n  o f  WxS (G) i n d i c a t e d  t h a t  t h e  d e v i a t e d  w r i s t  d i d  a f f e c t  
t h e  p e r f o r m a n c e  o f  some s u b j e c t s .  I n  t h e  c o n t i n u o u s  e x e r ­
c i s e  i t  h a d  an  a d v e r s e  e f f e c t .  T h i s  was n o t  t r u e  f o r  t h e  
r h y t h m i c  e x e r c i s e .  I n  f a c t ,  some s u b j e c t s  m a i n t a i n e d  
g r e a t e r  i n d e x  s t r e n g t h  w i t h  a d e v i a t e d  w r i s t  t h a n  w i t h  a 
n e u t r a l  w r i s t .  H o w ev e r ,  t h e  d e v i a t e d  w r i s t  a d v e r s e l y  a f ­
f e c t e d  th u m b  p e r f o r m a n c e  i n  t h e  r h y t h m i c  e x e r c i s e  f o r  a l l  
s u b j e c t s  b u t  a t  a  l e v e l  w h ich  was  n o t  s t a t i s t i c a l l y  s i g n i f i ­
c a n t .
RSS
1.0
0.5 -
T-R: thumb, rhythmic exercise;
RSS = .463exp(-.0176t) + .526 
I-R: index, rhythmic exercise;
RSS = .543expl-.0128t) + .423 
T-C: thumb, continuous exercise;
RSS = .785exp(-.0164t) + .206 
l-Cs index, continuous exercise;
RSS = .709exp(-.0293t) + .252
RSS = relative strength scores 
t = time
T-R
SEC.
(jj
cn
F ig u r e  29;In d ex  and thumb f a t ig u e  p a t t e r n s  fo r  s u s ta in e d  and rhythm ic e x e r c i s e s
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5 . 2  RECOMMENDATIONS
I n  t o o l  d e s i g n ,  b o t h  t r i g g e r  and  g r i p  d e s i g n  d e s e r v e  
more  a t t e n t i o n .  B e f o r e  t h e  i n d e x  o r  thumb i s  a s s i g n e d  a s  
t h e  t r i g g e r  o p e r a t o r  o f  a p o r t a b l e  pow er  t o o l ,  o n e  s h o u l d  
c o n s i d e r  t h e  l a r g e  r e d u c t i o n  i n  g r i p  s t r e n g t h .  The p a r t i a l  
g r i p  i s  t h e  o n l y  a v a i l a b l e  f i x t u r e  f o r  t h e  p o r t a b l e  t o o l .  
T h e r e f o r e ,  t h e  h o l d i n g  c a p a b i l i t y  o f  t h e  p a r t i a l  g r i p  s h o u l d  
be c o n s i d e r e d  i n  t h e  d e s i g n  o f  t h e  g r i p  h a n d l e .  The s i z e  o f  
t h e  g r i p  h a n d l e  a l s o  a f f e c t s  t h e  s t r e n g t h  o f  t h e  p a r t i a l  
g r i p ,  s i n c e  t h e  p a r t i a l  g r i p  c a n  e x e r t  i t s  m ax im a l  s t r e n g t h  
a t  t h e  medium o r  l a r g e r  s p a n ,  t h e  h a n d l e  s i z e  s h o u l d  be  d e ­
s i g n e d  t o  a c c o m m o d a te  t h e s e  s p a n s .
The f i n d i n g s  o f  p r e v i o u s  s t u d i e s  a n d  o f  t h i s  s t u d y  
h a v e  shown t h e  e f f e c t  o f  w r i s t  o r i e n t a t i o n  on g r i p  s t r e n g t h .  
W henever  t h e  w r i s t  p o s i t i o n  i s  d e v i a t e d  i n  an y  d i r e c t i o n  
f r o m  t h e  n e u t r a l  p o s i t i o n ,  g r i p  s t r e n g t h  i s  d e c r e a s e d .  I t  
i s  recommended  t h a t  t h e  h a n d l e  o f  a n y  t o o l  be  d e s i g n e d  t o  
a v o i d  t h e  d e v i a t e d  p o s i t i o n  o f  t h e  w r i s t .  T h i s  r e q u i r e s  
t h a t  t h e  w e i g h t  o f  t h e  t o o l  b e  e v e n l y  d i s t r i b u t e d  s o  t h a t  
r o t a t i o n a l  t o r q u e  d u e  t o  u n b a l a n c e d  w e i g h t  i s  m i n i m i z e d .
I n s o f a r  a s  i n d i v i d u a l  f i n g e r  s t r e n g t h  i s  c o n c e r n e d ,  
t h e  i n d e x  f i n g e r  i s  n e a r l y  t w i c e  a s  s t r o n g  a s  t h e  th u m b .  I f  
a t o o l  r e q u i r e s  a  " h i g h  f o r c e "  t r i g g e r ,  t h e  i n d e x  f i n g e r  
s h o u l d  b e  u s e d  f o r  t h e  t r i g g e r  o p e r a t i o n .  When i m p l e m e n t i n g  
t h i s  r e c o m m e n d a t i o n ,  one  s h o u l d ,  h o w e v e r ,  n o t e  t h a t  t h e  i n ­
d ex  f i n g e r  i s  i n f e r i o r  t o  t h e  thumb i n  m u s c u l a r  e n d u r a n c e .
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The i n d e x  f i n g e r  f a t i g u e s  much f a s t e r  t h a n  t h e  thum b i n  b o t h  
t h e  s u s t a i n e d  i s o m e t r i c  a n d  r h y t h m i c  i s o m e t r i c  e x e r c i s e s .  
The d u r a t i o n  o f  t h e  h i g h  t r i g g e r  f o r c e  s h o u l d  be  k e p t  t o  a 
minimum o r  t h r o u g h  t h e  i m p l e m e n t a t i o n  o f  a s e c o n d a r y  l o c k i n g  
s w i t c h .  The  i n d e x  f i n g e r  i s  i n  t h e  b e s t  p o s i t i o n  t o  e x e r t  
f o r c e  when i t  i s  p l a c e d  i n  t h e  mid p o s i t i o n  w i t h  t h e  P IP  
j o i n t  f l e x e d  a t  90 d e g r e e s  o r  l e s s .  The i n s t a l l a t i o n  o f  t h e  
t r i g g e r  s h o u l d  a cco m m o d a te  t h e  i n d e x  i n  t h i s  m i d p o s i t i o n .
I n  g e n e r a l ,  a  h i g h  f o r c e  r e q u i r e m e n t  i s  i n a d v i s i b l e  
i n  any  k i n d  o f  t o o l  d e s i g n  b e c a u s e  i t  i n v i t e s  a c u t e  m u s c u l a r  
f a t i g u e  a n d  t e n d s  t o  c a u s e  c h r o n i c  t e n d i t i s  and  c a r p a l  t u n ­
n e l  s y n d r o m e s .  I f  r e d u c t i o n  o f  t h e  r e q u i r e d  f o r c e  i s  t e c h ­
n i c a l l y  f e a s i b l e ,  t h e  thumb s h o u l d  b e  u s e d  t o  o p e r a t e  t h e  
t r i g g e r .  A l t h o u g h  t h e  thumb i s  i n f e r i o r  t o  t h e  i n d e x  i n  
s t r e n g t h ,  i t  h a s  a much g r e a t e r  a b i l i t y  t o  m a i n t a i n  i t s  i n i ­
t i a l  s t r e n g t h  f o r  b o t h  c o n t i n o u s  i s o m e t r i c  a n d  r h y t h m i c  i s o ­
m e t r i c  e x e r c i s e .  B as e d  on t h e  p a r t i a l  g r i p  s t r e n g t h ,  t h e  
thumb s h o u l d  be u s e d  a s  t h e  t r i g g e r  o p e r a t o r  b e c a u s e  t h e  
thum b o p e r a t i o n  g r i p  a l l o w e d  t h e  h a n d  t o  e x e r t  more f o r c e  
t h a n  d i d  t h e  i n d e x  o p e r a t i o n  g r i p .  T h e r e f o r e ,  t h e  thumb i s  
recom m ended  r a t h e r  t& an  t h e  i n d e x  f i n d e r  a s  a t r i g g e r  o p e r a ­
t o r .
The th u m b  c an  e x e r t  t h e  g r e a t e s t  f o r c e  i n  t h e  v e r t i ­
c a l  d i r e c t i o n  w i t h  t h e  DIP f l e x e d  a b o u t  90 d e g r e e s  a n d  i t s  
p r o x i m a l  p h a l a n x  c o m f o r t a b l y  e x t e n d e d .  The d e v i a t e d  w r i s t  
p o s i t i o n  a d v e r s e l y  a f f e c t s  thum b p e r f o r m a n c e  n o t  o n l y  f o r
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i n s t a n t  s t r e n g t h  b u t  a l s o  s u s t a i n e d  s t r e n g t h .  The l o c a t i o n  
o f  t h e  t r i g g e r  s w i t c h  s h o u l d  n o t  i n t r o d u c e  a  d e v i a t e d  w r i s t  
p o s i t i o n  when t h e  thum b  i s  a c t u a t i n g  t h e  s w i t c h .  I f  t h e
v e r t i c a l  d i r e c t i o n  o f  f o r c e  e x e r t i o n  o f  t h e  thum b i s  n o t
t e c h n i c a l l y  f e a s i b l e ,  t h e  recom m ended  a l t e r n a t i v e  i s  o p p o s i ­
t i o n  t o w a r d  t h e  p a lm .  I t  i s  r e com m ended  t h a t  t h e  thumb n o t  
e x e r t  f o r c e  i n  t h e  s a g i t t a l  p l a n e  w i t h  e x t e n d e d  p h a l a n g e s  
i n w a r d  t o w a r d s  t h e  h a n d .  H e r e ,  t h e  thumb e x e r t s  i t s  l o w e s t  
f o r c e  c o m p a r e d  w i t h  o t h e r  f o r c e  d i r e c t i o n s .
F o r  t o o l  d e s i g n  i n  g e n e r a l ,  i t  i s  recom m ended  t h a t  
t h e  d u r a t i o n  o f  s i n g l e  a c t u a t i o n  o f  t h e  t r i g g e r  be  k e p t  t o  a 
minimum. w h e t h e r  t h e  i n d e x  o r  t h e  thumb i s  u s e d  a s  t h e
t r i g g e r  o p e r a t o r ,  c o n t i n u o u s  f o r c e  e x e r t i o n  c a u s e s  much
f a s t e r  f a t i g u e  t h a n  d o e s  i n t e r m i t t e n t  e x e r t i o n .
T h i s  s t u d y  was l i m i t e d  t o  a f i x e d  s i z e  t e s t i n g  a p p a ­
r a t u s  ( t e s t  h a n d l e  a n d  r i n g ) .  R e c o m m e n d a t i o n s  f o r  f u r t h e r  
r e s e a r c h  i n c l u d e  (a) a n t h r o p o m e t r i c  m e a s u r e m e n t s  o f  p h a l a n ­
g e a l  s i z e s  an d  b i o m e c h a n i c a l  a n a l y s i s  t o  c l a r i f y  t h e  p o s i ­
t i o n a l  e f f i c i e n c y  f o r  t h e  f i n g e r s  t o  e x e r t  f o r c e ,  (b) a n ­
t h r o p o m e t r i c  m e a s u r e m e n t s  a n d  b i o m e c h a n i c a l  a n a l y s i s  t o  
e x a m i n e  t h e  f u n c t i o n a l  r e l a t i o n s h i p  b e t w e e n  t h e  am oun t  o f  
f o r c e  a p p l i e d  t o  t h e  h a n d l e  an d  t h e  am o u n t  o f  w r i s t  d e v i a ­
t i o n ,  and  (c) e x p l o r a t i o n  o f  t a c t i l e  s e n s o r s  i n  r e l a t i o n  t o  
f i n g e r  m a n i p u l a t o n  o f  a  t r i g g e r  s w i t c h .  T h i s  s t u d y  d e t e r ­
m in e d  t h a t  t h e  m i d p o s i t i o n  y i e l d e d  s u p e r i o r  s t r e n g t h  f o r  
b o t h  t h e  p a r t i a l  g r i p  a n d  i n d e x  f i n g e r  p e r f o r m a n c e  b u t
no
f a i l e d  t o  p r o v i d e  f u r t h e r  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e
b e t w e e n  t h e  l a r g e  an d  s m a l l  p o s i t i o n s .  I t  would  b e  u s e f u l
i f  f u r t h e r  i n f o r m a t i o n  w e r e  a v a i l a b l e  t o  t h e  t o o l  d e s i g n e r  
c o n c e r n i n g  t h e  r e l a t i o n s h i p  b e t w e e n  g r i p  h a n d l e  i n  t h i c k n e s s  
a n d  w i d t h  a n d  i n d i v i d u a l  h an d  a n d  f i n g e r  l e n g t h .
An i n v e s t i g a t i o n  w h ic h  b i o m e c h a n i c a l l y  e v a l u a t e d  t h e  
e f f i c i e n t  u s e  o f  t h e  hand  a n d  f i n g e r s  h a s  b e e n  p r e v i o u s l y  
e x a m i n e d  by v e r y  few r e s e a r c h e r s .  T h e  t e x t  by Maul a n d  S o l f  
(1969)  an d  t h e  a r t i c l e  by  B u l l i n g e r  and S o l f  (1976) c o v e r  
r e c o m m e n d a t i o n s  f o r  t o o l s  a n d  c o n t r o l  d e v i c e s .  F o r  e x a m p l e ,  
a c o n v e x  g r i p  h a n d l e  s h a p e  was recom m ended  s o  t h a t  t h e  i n ­
d e x ,  r i n g ,  a n d  l i t t l e  f i n g e r s  c o u l d  have  more c o n t a c t  a r e a  
on t h e  s u r f a c e  o f  t h e  h a n d l e  c o m p a r e d  w i t h  a  c o n v e n t i o n a l  
h a n d l e .  H o w e v e r ,  t h i s  a p p r o a c h  a p p e a r s  i m p r a c t i c a l  b e c a u s e  
o f  t h e  v a r i a t i o n  i n  i n d i v i d u a l  h a n d  s i z e  a n d  p h a l a n g e a l
l e n g t h .  I t  i s  i m p o s s i b l e  an d  u n e c o n o m i c a l  t o  make a t o o l
w h ich  f i t s  a l l  i n d i v i d u a l s .  H ow ever ,  t h i s  a p p r o a c h  w ou ld  b e  
s c i e n t i f i c a l l y  u s e f u l  i n  d e v e l o p i n g  a r u l e  o f  thum b f o r  t o o l  
e n g i n e e r s  a n d  o t h e r s  t o  f u r t h e r  i m p r o v e  t h e  q u a l i t y  o f  u s e ­
f u l n e s s  o f  t h e  t o o l .
T h i s  s t u d y  f o u n d  t h a t  u l n a r  d e v i a t i o n  o f  t h e  w r i s t  
a d v e r s e l y  a f f e c t e d  t h e  th u m b  a n d  p a r t i a l  g r i p  s t r e n g t h .  
H o w ev e r ,  t h e  i n d e x  f i n g e r  s t r e n g t h  was  r e l a t i v e l y  f r e e  f rom  
t h i s  e f f e c t .  B i o m e c h a n i c a l  a n a l y s i s  i n  c o n j u n c t i o n  w i t h  an  
a p p r o p r i a t e  e x p e r i m e n t a l  m e a s u r e  w o u ld  b e  u s e f u l  t o  e x p l a i n  
t h e  d i f f e r e n c e  i n  t h e  d e v i a t e d  w r i s t  e f f e c t  b e t w e e n  t h e  
thumb a n d  g r i p  a n d  t h e  i n d e x  p e r f o r m a n c e s .
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S i n c e  t h e  a r m ,  h a n d ,  a n d  f i n g e r s  com pose  t h e  f i x t u r e  
o f  a p o r t a b l e  t o o l ,  f u r t h e r  s t u d y  o f  t h e  q u a l i t a t i v e  a s p e c t s  
o f  h a n d / f i n g e r  p e r f o r m a n c e  w o u ld  c o n t r i b u t e  t o  a d d i t i o n a l  
i m p r o v e m e n t s  i n  t o o l  d e s i g n .  F u r t h e r  s t u d i e s  s h o u l d  i n c l u d e  
h a n d ,  f i n g e r  and  a rm c o o r d i n a t i o n ,  e y e - h a n d  c o o r d i n a t i o n ,  
t a c t i l e  s e n s o r  f e e d b a c k ,  a n d  p s y c h o m o t o r  s k i l l s .
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A p p e n d ix  A
FOECE REQUIREMENT TO TRIGGER POWER TOOLS
T a b l e  A-1 p r e s e n t s  t h e  f o r c e  r e q u i r e m e n t s  f o r  t r i g ­
g e r i n g  pow er  t o o l s  which  a r e  c u r r e n t l y  a v a i l a b l e  i n  t h e  
m a r k e t .  Most o f  t h e  t o o l s  u s e d  f o r  t h i s  r e v i e w  w ere  e l e c ­
t r i c a l  d r i l l s .
The r e q u i r e d  f o r c e s  t o  t r i g g e r  r a n g e d  f r o m  0 .5 7  kg t o  
1 . 3 2  k g .
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TABLE A-1. FORCES REQUIRED TO TRIGGER POWER TOOLS
IN KILOGRAMS
Brands Tool types onset
Force s 
end range
A
3/8" drill, Model A 
variable speed
3/8" drill, Model B 
variable speed
1.22
0.91
2.13
1.70
0.91
0.79
1/2" drill, 
variable speed 1.13 1.70 0.57
1/4" drill, 
variable speed 0.91 1.81 0.90
B 3/8" drill, variable speed 3.18 4.50 1.32
Circular saw 
single speed 2.49 ------- ——
C
1/4" drill, 
variable speed
3/8" drill, 
variable speed
1.35
1.36
2.04
2.04
0.68
0.68
D 1/4" drill, single speed 3.18 — ——
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FULL GRIP STRENGTH DISTRIBUTION OF A STUDENT-AGED POPULATION
The t e r r a  " f u l l  g r i p  s t r e n g t h "  means t h e  g r i p  s t r e n g t h  
d e v e l o p e d  w i t h  t h e  MVC e f f o r t  w h e r e  a l l  d i g i t s  a n d  a hand  
w e r e  a l l o w e d  t o  f u l l y  e x e r t  a f o r c e .  The g r i p  s t r e n g t h  was 
m e a s u r e d  a t  t h e  medium g r i p  s p a n ,  r e l a t i v e  t o  a s u b j e c t ’ s  
h a n d  s i z e ,  i n  a n e u t r a l  w r i s t  p o s i t i o n  f o r  a f i v e  s e c o n d  
p e r i o d .  T h e  mean v a l u e  of  t h e  m i d d l e  t h r e e  s e c o n d  d a t a  
p o i n t s  was u s e d  t o  d e s c r i b e  t h e  g r i p  s t r e n g t h .
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TABLE B - 1 . FULL GRIP STRENGTH DISTRIBUTION OF FEMALE
STUDENT-AGED POPULATION IN KILOGRAM
Cumulative 
Strength Frequency percentage
Cumulative 
Strength Frequency percentage
18.37 1 2 33.79 1 52
19.05 1 3 34.02 2 55
19.96 1 5 34.25 1 56
22.23 1 6 34.93 1 58
23.81 1 8 35.38 2 61
24.04 1 9 35.83 3 66
25.86 2 13 36.74 1 67
26.31 1 14 38.10 2 70
26.99 2 17 38.56 1 72
27.22 1 19 39.01 3 77
27.67 1 20 39.46 2 80
28.12 1 22 39.92 1 81
28.58 2 25 40.37 2 84
29.03 2 28 40.82 1 86
29.26 1 30 41.28 1 88
29.94 1 31 42.19 2 91
30.39 2 34 42.64 2 94
30.85 2 38 43.09 1 • 95
31.30 2 41 44.45 1 97
32.21 2 44 48.54 1 98
33.11 2 47 49.90 1 100
33.57 2 50
Mean
Mode
Kurtosis
Minimum
33.669
35.834
-0.260
18.371
Std. err. 
Std. dev. 
Skewness 
Maximum
0.862
6.893
-0.040
49.896
Median 33.680 
Variance 47.507 
Range 31.525
Subjects measured; 64
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TABLE B - 2 . FULL GRIP STRENGTH DISTRIBUTION OF MALE
STUDENT-AGED POPULATION IN KILOGRAM
Cumulative Cumulative
Strength Frequency percentage Strength Frequency percentage
28.12 1 1 54.89 2 49
28.58 1 1 55.11 1 49
32.66 1 2 55.34 2 51
34.02 1 3 55.79 2 52
35.83 2 4 56.25 3 54
36.29 2 5 56.70 4 57
37.65 2 7 57.15 1 57
38.56 1 7 57.51 3 59
39.01 2 9 58.06 5 63
39.46 1 9 58.51 1 63
39.92 2 11 59.42 2 64
40.82 1 11 59.88 5 68
41.28 2 13 60.33 1 68
42.19 2 14 61.24 1 69
42.64 1 14 62.60 2 70
43.55 2 16 63.05 1 71
44.45 2 17 63.50 1 72
44.68 1 18 63.96 3 74
44.91 1 18 64.41 6 78
45.36 1 19 65.32 3 80
45.81 1 20 65.77 2 81
46.27 3 22 66.23 3 83
46.49 1 22 67.59 1 84
46.72 1 23 68.49 2 85
47.17 2 24 68.72 1 86
47.63 3 26 68.95 2 • 87
48.08 4 29 69.40 1 88
48.99 1 30 69.85 2 89
49.22 1 30 70.76 4 91
49.44 1 31 70.99 1 92
50.35 2 32 71.22 1 93
50.80 1 33 71.69 1 93
51.26 2 34 73.48 2 95
51.71 1 35 74.39 1 95
52.16 3 37 74.84 1 96
52.61 4 39 75.30 2 97
53.07 3 41 76.66 1 98
53.52 4 44 77.34 1 99
53.98 3 46 77.57 1 99
54.43 2 47 78.93 1 100
Mean 55.552 Std. err. 0.910 Median 55.339
Mode 64.411 Std. dev 11.224 Variance 125.973
Kurtosis -0.548 Skewness -0.081 Range 50.803
Minimum 28.123 Maximum 78.926
Subjects measured; 152
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PABTIAL GRIP STRENGTH DATA
The t e r m  " p a r t i a l  g r i p  s t r e n g t h "  means  t h e  g r i p  
s t r e n g t h  d e v e l o p e d  by t h e  HVC e f f o r t  w here  t h e  g r i p  was r e s ­
t r i c t e d  i n  t h e  u s e  o f  e i t h e r  t h e  thum b o r  t h e  i n d e x  f i n g e r .
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TABLE C-1. PARTIAL GRIP STRENGTH DATA IN KILOGRAM
Code 81 52
Subjects 
S3 S4 S5 S6
000 22.96
22.30
31.35
27.84
25.95
15.13
46.16
45.36
47.75
44.81
36.98
34.99
001 23.96
19.19
23.28
19.76
14.67
18.61
44.24
38.94
26.80
25.17
27.18
27.20
010 29.20
27.76
30.37
29.38
24.82
23.47
54.56
52.50
52.50
46.04
34.04
35.49
Oil 20.38
23.95
18.62
18.90
19.38
19.23
47.34
35.71
32.41
29.08
26.92
28.52
020 24.25
26.05
22.39
21.91
24.37
18.14
51.50
52.81
44.82
38.22
27.57
23.88
021 19.71
19.93
19.51
18.77
17.76
17.27
48.87
39.11
27.13
23.02
24.86
20.46
100 17.49
17.42
14.37
22.98
19.36
18.23
42.48
41.36
29.67
27.09
22.74
23.17
101 17.01
16.95
16.17
17.13
11.25
12.38
29.07
35.91
29.08
24.78
19.01
17.60
110 18.56
24.31
25.77
18.25
25.49
19.77
46.32
57.53
43.65
40.09
32.87
29.21
111 22.68
18.34
18.05
19.41
19.23
17.51
46.73
42.03
33.63
30.09
19.42
22.58
120 15.53
19.94
26.59
22.10
22.29
17.18
54.75
55.34
36.06
36.86
30.83
33.48
121 20.14
21.44
19.64
17.85
19.46
17.87
46.97
40.07
29.70
25.82
25.85
18.61
Experimental conditions are shown in the three digit
code as followsi
(1) the hundredth digit
0
1
(2) the tenth digit...
0
1
2
(3) the first digit-•••
0
1
the wrist position
the neutral wrist
the deviated wrist
the grip span
small
medium
large
the grip type
the thumb operation grip
the index operation grip
A p p e n d ix  D
INDEX FINGEH STRENGTH DATA
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TABLE D-1. INDEX FINGER STRENGTH DATA (KG)
Codes 51 S2
Subjects 
S3 S4 S5 S6
00 10.76 8.30 8.17 11.77 17.60 8.76
10.02 7.71 8.97 11.00 20.00 7.74
01 13.30 11.77 11.27 25.69 19.91 11.44
13.92 11.91 11.25 17.79 19.35 • 12.31
02 8.08 11.60 6.97 15.00 14.87 8.11
8.38 13.55 8.11 15.70 12.89 8.78
10 6.36 9.00 7.50 19.39 10.92 10.58
7.26 7.38 7.96 15.41 14.91 7.87
11 11.45 8.72 6.50 21.36 11.33 10.29
12.12 8.77 6.20 19.22 15.10 9.91
12 9.44 9.79 5.82 17.33 11.39 5.65
8.08 7.59 7.28 14.93 11.25 5.56
Experimental conditions are shown in the two digit 
codes, defined as follows;
(1) the tenth digit.... wrist position
0 = tne neutral wrist
1 = the deviated wrist
(2) the first digit - • .• • - index finger position
0 = the small span
1 = the medium span
2 = the large span.
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THUMB STRENGTH DATA
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TABLE E-1. THUMB STRENGTH DATA IN KILOGRAMS
Codes SI S2
Subjects 
S3 S4 S5 S6
00 3.02 3.86 2.91 8.34 5.80 3.06
4.49 4.50 2.90 7.43 4.43 3 .06
01 4.30 3.51 3.73 6.57 6.50 3.54
4.45 4.28 4.32 5.94 5.56 3.08
02 5.20 3.87 4.12 7.98 6.11 3.65
5.60 3.84 4.95 8.42 7.41 3.85
03 7.02 5.26 4.13 11.08 19.61 4.45
6.26 6.55 4.17 11.32 9.60 4.91
04 14.09 9.78 6.79 11.42 5.86 4.82
11.86 6.99 8.05 9.24 14.80 4.78
05 5.28 4.41 2.44 12.95 7.77 2.84
5.61 3.84 3.32 6.81 6.79 3.64
06 4.04 7.22 4.14 9.59 8.56 3.30
3.85 7.07 4.17 13.08 6.97 4.26
07 6.30 6.31 5.72 11.23 8.39 3.84
5.25 6.16 4.65 8.75 10.75 3.37
10 3.00 3.80 3.65 8.31 6.22 2.76
3.78 3.87 3.21 6.45 5.39 3.02
11 4.41 4.22 2.90 7.27 5.03 3.40
3.97 3.31 3.22 8.30 5.95 3.85
12 3.96 4.55 3.51 6.91 7.15 3.47
4.94 3.53 4.28 6.83 8.82 4.25
13 7.09 6.04 5.15 9.29 10.23 5.52
5.63 5.16 4.92 10.32 10.88 4.80
14 5.18 4.87 5.15 8.93 7.99 5.10
6.51 4.84 4.57 8.30 8.25 4.46
15 5.57 4.45 2.43 6.68 5.54 3.96
4.89 3.68 2.27 8.75 5.81 4.35
16 4.75 5.42 4.08 8.50 6.68 3.21
4.21 5.49 3.81 9.25 8.13 3.08
17 3.55 5.69 6.29 8.09 5.88 2.84
5.30 5.41 3.89 6.83 6.11 3.92
Experimental conditions are shovn in two digit codes, 
defined as follows:
(1) the tenth digit-- wrist position
0 = neutral wrist
1 = deviated wrist
(2) the first digit--thumb position and force direction
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0 = outside-horizontal
1 = middle-horizontal
2 = inside-horizontal
3 = high-vertical
4 = middle-vertical
5 = low-vertical
6 = medium high-opposition
7 = middle-opposition
For details of position definitions, see Subsection
3.3.4.
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REGRESSION EQUATIONS FOR SUSTAINED ISOMETRIC EXERCISE
R e g r e s s i o n  e q u a t i o n s  f o r  s u s t a i n e d  i s o m e t r i c  e x e r ­
c i s e s  a r e  p r e s e n t e d  i n  t h i s  a p p e n d i x .  T a b l e  F-1 i n c l u d e s  
t h e  i n d e x  f a t i g u e  p a t t e r n s  r e s u l t i n g  from t h e  s u s t a i n e d  i s o ­
m e t r i c  e x e r c i s e .  The thumb f a t i g u e  p a t t e r n s  a r e  shown i n  
T a b l e  F - 2 .
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Table F-1
Regression Equations for the Index Fatigue Patterns of the Sustained Exercise
Subject 
or Group
Wrist
position Regression equation
Mean initial 
strength in Kg.
SI neutral (N) RSS _ 0.615exp(-0.0281t) + 0.359 13.17
S2 N RSS = 0.807exp(-0.0195t) + 0.141 11.52
S3 N RSS 0.741exp(-0.0264t) + 0.261 9.27
S4 N RSS = 0.787exp(-0.0305t) + 0.178 20.34
S5 N RSS 0.681exp(-0.0838t) + 0.321 14.58
S6 N RSS = 0.799exp(-0.0311t) + 0.184 10.02
female S's N RSS 0.741exp(-0.0234t) + 0.235 11.32
male S's N RSS = 0.722exp(-0.0400t) + 0.244 14.98
all S's N RSS 0.719exp(-0.0305t) + 0.247 13.15
81 deviated(D) RSS 0.671exp(-0.0229t) + 0.325 10.26
S2 D RSS = 1.62 exp(-0.0034t) + 0.824 10.59
S3 D RSS — 0.753exp(-0.0285t) + 0.274 8.32
S4 D RSS = 0.773exp(-0.0343t) + 0.184 19.71
S5 D RSS = 0.686exp(-0.0280t) + 0.280 12.05
S6 D RSS - 0.757exp(-0.0506t) + 0.248 9.49
female S's D RSS 0.715exp(-0.0i91t) + 0.228 9.72
male S's D RSS = 0.728exp(-0.0387t) + 0.252 13.75
all S's D RSS 0.699exp(-0.0282t) + 0.258 11.74
cr>in
RSS = relative strength score and t = time in seconds.
T a b l e  F - 1  ( c o n t i n u e d )
Subject 
or Group
Wrist
position Regression equation
Mean initial 
strength in Kg.
SI N & D RSS 0.676exp(-0.0226t) + 0.303 11.71
S2 N & D RSS — 0.779exp(-0.0135t) + 0.096 11.06
S3 N & D RSS 0.747exp(-0.0245t) + 0.268 8.80
S4 N & D RSS 0.779exp(-0.0322t) + 0.181 20.03
S5 N & D RSS — 0.646exp(-0.0442t) + 0.312 11.32
S6 N & D RSS = 0.773exp(-0.0391t) + 0.218 9.76
female S's N & D RSS — 0.726exp(-0.0212t) + 0.234 10.52
male S's N & D RSS — 0.725exp(-0.0392t) + 0.247 14.37
ail S*s N & D RSS 0.708exp(-0.0293t) + 0.252 12.44
N & D = neutral and deviated wrist positions are pooled, 
RSS = relative strength score, and 
t = time in seconds»
<T>
cr>
T a b l e  F - 2
R e g r e s s i o n  E q u a t i o n s  f o r  t h e  Thumb F a t i g u e  P a t t e r n s  o f  t h e  S u s t a i n e d  E x e r c i s e
Subject 
or Group
Wrist
position Regression equation
Mean initial 
strength in Kg.
SI neutral(N) RSS -0.626exp 0.0078t) + 1.588 7.49
S2 N RSS = 0.751exp -0.0208t) + 0.224 5.46
S3 N RSS = 0.837exp -0.0118t) + 0.161 5.28
S4 N RSS = 1.246exp -0.0075t) - 0.253 11.81
S5 N RSS = 1.141exp -0.0073t) - 0.122 7.29
S6 N RSS =-2.841exp 1.973t) + 3.786 5.75
female S•s N RSS 0.759exp -o.oieot) + 0.238 6.08
male S's N RSS 1.140exp 0.0081t) - 0.122 8.28
all S's N RSS — 0.863exp -0.0126t) + 0.146 7.18
SI deviated(D) RSS — -0.635exp 0.0065t) + 1.637 6.70
S2 D RSS = 0.720exp -0.0375t) + 0.309 4.30
S3 D RSS = 0.750exp -0.0375t) + 0.263 5.33
S4 D RSS = 0.81lexp -0.0366t) + 0.231 9.56
S5 D RSS = 0.795exp -0.0341t) + 0.265 6.54
S6 D RSS - 0.SOOexp -0.0586t) + 0.477 6.47
female S's D RSS 0.789exp -0.0168t) + 0.207 5.44
male S's D RSS = 0.737exp -0.0299t) + 0.257 7.52
all S's D RSS 0.748exp -0.0223t) + 0.241 6.48
RSS = r e l a t i v e  s t r e n g t h  s c o r e  a n d  t  = t i m e  i n  s e c o n d s .
T a b l e  F - 2  ( c o n t i n u e d )
Subject 
or Group
Wrist
position Regression equation
Mean initial 
strength in Kg.
SI N & D RSS =11.329exp(-0.0004t) 10.388 7.10
S2 N & D RSS = 0.715exp(-0.0288t) + 0.284 4.88
S3 N & D RSS = 0.752exp(-0.0184t) + 0.249 5.31
S4 N & D RSS = 0.820exp(-0.0202t) + 0.182 10.69
S5 N & D RSS = 0.779exp(-0.0195t) + 0.246 6.92
S6 N & D RSS =-1.599exp( 0.0034t) + 2.502 6.11
female S's N & D RSS = 0.771exp(-0.0157t) + 0.220 5.76
male S's N & D RSS = 0.814exp(-0.0164t) + 0.174 7.90
ail S*s N & D RSS = 0.285exp(-0.0164t) + 0.206 6.83
N & D = n e u t r a l  a n d  d e v i a t e d  w r i s t  p o s i t i o n s  a r e  p o o l e d ,
RSS = r e l a t i v e  s t r e n g t h  s c o r e ,  a n d
t  = t i m e  i n  s e c o n d s . CD
A p p e n d ix  G
REGRESSION EQUATIONS FOR RHYTHMIC ISOMETRIC EXERCISE
R e g r e s s i o n  e q u a t i o n s  f o r  t h e  r h y t h m i c  i s o m e t r i c  e x e r ­
c i s e s  a r e  p r e s e n t e d  i n  t h i s  a p p e n d i x .  The  i n d e x  f a t i g u e  
p a t t e r n s  a r e  show n  i n  T a b l e  G - 1 .  T a b l e  G -2  i n c l u d e s  t h e  
t h u m b  f a t i g u e  p a t t e r n s  r e s u l t i n g  f ro m  t h e  r h y t h m i c  i s o m e t r i c  
e x e r c i s e .
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T a b l e  G-1
R e g r e s s i o n  E q u a t i o n s  f o r  t h e  I n d e x  F a t i g u e  P a t t e r n s  o f  t h e  R h y th m ic  E x e r c i s e
Subject 
or Group
Wrist
position Regression equation
Mean initial 
strength in Kg.
SI neutral(N) RSS — 0.470exp(-0.0111t) + 0.457 10.86
S2 N RSS = 0.460exp(-0.0060t) + 0.463 11.44
S3 N RSS = 0.599exp(-0.0199t) + 0.369 9.89
S4 N RSS - 0.661exp(-0.0134t) + 0.299 18.39
S5 N RSS = 0.515exp(-0.0132t) + 0.440 15.26
S6 N RSS = 0.597exp(-0.0129t) + 0.416 9.41
female S's N RSS 0.485exp(-0.0125t) + 0.449 10.73
male S's N RSS = 0.591exp(-0.0132t) + 0.385 14.35
all S's N RSS — 0.538exp(-0.0129t) + 0.417 12.54
SI deviated(D) RSS — 0.486exp(-0.0073t) + 0.502 11.58
S2 D RSS = 0.440exp(-0.0114t) + 0.519 10.58
S3 D RSS = 0.616exp(-0.0122t) + 0.353 9.62
S4 D RSS — 0.630exp(-0.0184t) + 0.343 19.68
S5 D RSS = 0.511exp(-0.0143t) + 0.472 14.23
S6 D RSS = 0.668exp(-0.012It) + 0.330 9.69
female S's D RSS 0.506exp(-0.0105t) + 0.466 10.59
male S's D RSS = 0.599exp(-0.0145t) + 0.383 14.53
all S's D RSS = 0.549exp(-0.0127t) + 0.428 12.56
' j
o
RSS = r e l a t i v e  s t r e n g t h  s c o r e  a n d  t  = t i m e  i n  s e c o n d s .
T a b l e  G - I  ( c o n t i n u e d )
Subject 
or Group
Wrist
position Regression equation
Mean initial 
strength in Kg.
SI N & D RSS = 0.471exp(-0.0092t) + 0.487 11.22
S2 N & D RSS = 0.438exp(-0.0090t) + 0.502 11.01
S3 N & D RSS = 0.601exp(-0.0157t) + 0.367 9.76
S4 N & D RSS = 0.643exp(-0.0158t) + 0.324 19.04
S5 N & D RSS = 0.512exp(-0.0138t) + 0.456 14.75
S6 N & D RSS = 0.632exp(-0.0125t) + 0.373 9.55
female S•s N & D RSS = 0 .494exp(-0 .oust) + 0.458 10.66
male S's N & D RSS = 0.594exp(-0.0139t) + 0.384 14.44
all S's N & D RSS = 0.543exp(-0.0128t) + 0.423 12.55
N & D = n e u t r a l  a n d  d e v i a t e d  w r i s t  p o s i t i o n s  a r e  p o o l e d ,
RSS = r e l a t i v e  s t r e n g t h  s c o r e ,  a n d
t  = t i m e  i n  s e c o n d s .
T a b l e  G-2
R e g r e s s i o n  E q u a t i o n s  f o r  t h e  Thumb F a t i g u e  P a t t e r n s  o f  t h e  R h y th m ic  E x e r c i s e
Subject 
or Group
Wrist
position Regression equation
Mean initial 
strength in Kg.
SI neutral (N) RSS 0.431exp(-0.0208t) + 0.522 6.33
S2 N RSS = 0.422exp(-0.0107t) + 0.562 5.63
S3 N RSS = 0.500exp(-0.0077t) + 0.450 6.09
S4 N RSS = 0.417exp(-0.0235t) + 0.560 11.08
S5 N RSS = 0.486exp(-0,0095t) + 0.518 9.31
S6 N RSS = 0.591exp(-0.0217t) + 0.437 5.70
female S’s N RSS — 0.433exp(-0.0117t) + 0.522 6.02
male S’s N RSS = 0.480exp(-0.0167t) + 0.514 8.70
all S's N RSS = 0.454exp(-0.0145t) + 0.522 7.36
SI deviated(D) RSS — 0.484exp(-0.0249t) + 0.533 5.96
S2 D RSS = 0.410exp(-0.0116t) + 0.562 5.45
S3 D RSS - 0.675exp(-0.0169t) + 0.346 5.44
S4 D RSS = 0.451exp("0.0247t) + 0.523 7.95
S5 D RSS = 0.524exp(-0.0200t) + 0.496 8.80
S6 D RSS - 0.377exp(-0.0175t) + 0.592 5.84
female S's D RSS — 0.492exp(-0.0214t) + 0.521 4.95
male S's D RSS - 0.449exp(-0.0205t) + 0.537 7.53
all S's D RSS = 0.471exp(-0.0210t) + 0.530 6.24
to
RSS = r e l a t i v e  s t r e n g t h  s c o r e  a n d  t  = t i m e  i n  s e c o n d s .
T a b l e  G -2  ( c o n t i n u e d )
Subject 
or Group
Wrist
position Regression equation
Mean initial 
strength in Kg.
SI N Sc D RSS 0.459exp(-0.0234t) + 0.529 5.15
S2 N & D RSS — 0.416exp(-0.0111t) + 0.562 5.54
S3 N & D RSS = 0.535exp(-0.0168t) + 0.469 5.77
S4 N & D RSS =r 0.434exp(-0.0241t) + 0.541 9.52
S5 N & D RSS = 0.489exp(-0.0147t) + 0.521 9.06
S6 N & D RSS = 0.488exp(-0.0203t) + 0.516 5.77
female S's N & D RSS — 0.462exp(-0.0167t) + 0.525 5.49
male S * s N & D RSS =T 0.404exp(-0.0184t) + 0.526 8.12
all S's N & D RSS 0.462exp(-0.0176t) + 0.526 6.80
N & D = n e u t r a l  a n d  d e v i a t e d  w r i s t  p o s i t i o n s  a r e  p o o l e d ,
RSS = r e l a t i v e  s t r e n g t h  s c o r e ,  a n d
t  = t i m e  i n  s e c o n d s .
w
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LIST OF ABBREVIATIONS
ADD: a d d u c t o r  p o l l i c i s  
ANOVA: a n a l y s i s  o f  v a r i a n c e  
APB: a b d u c t o r  p o l l i c i s  b r e v i s
APL: a b d u c t o r  p o l l i c i s  l o n g u s
BMDP: B i o m e d i c a l  C o m p u te r  P r o g r a m s
C; a m b i e n t  t e m p e r a t u r e  i n  C e l s i u s
cm; c e n t i m e t e r
CM: c a r p o m e t a c a r p a l
CONT: c o m p u t e r  p r o g r a m s  u s e d  f o r  c o n t i n u o u s  i s o m e t r i c  
e x e r c i s e  e x p e r i m e n t s
D IP :  d i s t a l  i n t e r p h a l a n g e a l
DOWN: T h i s  i s  u s e d  t o  mean one  o f  t h e  f o r c e  d i r e c t i o n s
u s e d  f o r  t h e  thum b  s t r e n g t h  e x p e r i m e n t .  The thumb
e x e r t s  a f o r c e  i n  a v e r t i c a l  d i r e c t i o n  p a r a l l e l  to 
t h e  s a g i t a l  p l a n e .
ECBB: e x t e n s o r  c a r p i  r a d i a l i s  b r e v i s  
ECBL: e x t e n s o r  c a r p i  r a d i a l i s  l o n g u s  
EDC: e x t e n s o r  d i g i t o r u m  co m m u n is  
EOT: 3 r d  e x t e n s o r  d i g i t o r u m  t e n d o n  
E I P :  e x t e n s o r  i n d i c i s  p r o p r i u s  
EMG: e l e c t r o m y o g r a p h y  
EPL: e x t e n s o r  p o l l i c i s  l o n g u s
F D I :  f i r s t  d o r s a l  i n t e r o s s e o u s  
FDP: f l e x o r  d i g i t o r u m  p r o f u n d u s  
FDS: f l e x o r  d i g i t o r u m  s u p e r f i c i a l i s  
FPB: f l e x o r  p o l l i c i s  b r e v i s  
FPL: f l e x o r  p o l l i c i s  l o n g u s
INWARD: T h i s  i s  u s e d  t o  mean o n e  o f  t h e  f o r c e  d i r e c t i o n s  
u s e d  f o r  t h e  th u m b  s t r e n g t h  e x p e r i m e n t .  The  thumb 
e x e r t s  a f o r c e  i n  t h e  h o r i z o n t a l  d i r e c t i o n  p a r a l ­
l e l  t o  t h e  s a g i t a l  p l a n e  i n w a r d  t o w a r d s  t h e  
f l e x e d  f i n g e r s .
I P :  i n t e r p h a l a n g e a l
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G; g e n d e r ,  a f a c t o r  u s e d  i n  t h e  ANOVA 
k g ;  k i l o g r a m
HAVG: maximum o n e - s e c o n d  moving  a v e r a g e  
MAX: maximum 
m in :  m i n u t e  (s)
MIN: minimum 
m sec :  m i l l i s e c o n d  
m l :  m i l l i l i t e r  
HP; m e t a c a r p o p h a l a n g e a l  
MV: mean v a l u e
MVC: m ax im a l  v o l u n t a r y  c o n t r a c t i o n  
GPP: o p p o n e n e s  p o l l i c i s
OPPOSITION: T h i s  i s  u s e d  t o  mean one  o f  t h e  f o r c e  d i r e c t i o n s  
u s e d  f o r  t h e  th u m b  s t r e n g t h  e x p e r i m e n t .  The thumb e x e r t s  
a  f o r c e  i n  a h o r i z o n t a l  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  
s a g i t a l  p l a n e ,  o p p o s i n g  t o  a p a l m .
P: g r i p  s p a n ,  i n d e x  f i n g e r  o r  thumb p o s i t i o n ,  a f a c t o r  
u se d  i n  t h e  ANOVA f o r  t h e  r e s p e c t i v e  e x p e r i m e n t ,
P I :  p a l m e r  i n t e r o s s e o u s  
P I P :  p r o x i m a l  i n t e r p h a l a n g e a l
RSS: r e l a t i v e  s t r e n g t h  s c o r e
EÏTH: c o m p u t e r  p r o g r a m s  u s e d  f o r  r h y t h m i c  i s o m e t r i c  
e x e r c i s e  e x p e r i m e n t s
SAS: S t a t i s t i c a l  A n a l y s i s  S y s t e m  
s e c :  s e c o n d
SD: s t a n d a r d  d e v i a t i o n
S ( G ) ;  i n d i v i d u a l  s u b j e c t  s t r e n g t h ,  a f a c t o r  u s e d  i n  t h e  ANOVA 
SPSS: S t a t i s t i c a l  P a c k a g e  f o r  t h e  S o c i a l  S c i e n c e  
s q . c m :  s q u a r e  c e n t i m e t e r
T: m u s c l e  t e m p e r a t u r e  i n  C e l s i u s ;  o r
g r i p  t y p e  o r  t i m e ,  a f a c t o r  u s e d  i n  t h e  ANOVA
H: w r i s t  o r i e n t a t i o n ,  a f a c t o r  u s e d  i n  t h e  ANOVA
